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Abstract 
Diabetes is one of the most prevalent chronic diseases growing globally with 450 million 
people currently being diagnosed with the disease. With this number dramatically increasing 
every year the need for highly sensitive and selective glucose sensors are of great importance. 
Along with this, the comfort of the patient when analysing their glucose concentrations has 
come to the forefront of research with the push towards non-invasive sensing devices 
becoming the major focus in this research. The aim of this research was to develop Au-based 
nanostructures and study their effectiveness in detecting ultra-low concentrations (<100 µM) 
of glucose. Au has shown excellent biocompatibility as well as its ability to be moulded for 
shape, size and density which can be tailored specifically to get enhanced glucose 
electrooxidation. Following a thorough literature review, the materials that were developed 
and investigated were pure mono-metallic Au structures, Au-Pt alloy and Au-Ni particles as 
well as Au-Co3O4 composites.  
Initially, a pure nanostructure of Au was studied in the form of Au nanospikes where the 
impact of HAuCl4 concentration, Pb acetate concentration (growth agent for shape), 
electrodeposition time and electrodeposition potential were studied. From these studies the 
optimal conditions to produce Au nanospikes for optimal glucose sensing were found to have 
a HAuCl4 concentration of 13.6 mM, a Pb acetate concentration of 1 mM, an 
electrodeposition time of 12 mins and an applied electrodeposition potential of +0.05 V. 
Analysis of this optimal pure Au sensor was performed with calculated sensitivity of 
91.8 µA·mM-1·cm-2 with no interference from common physiological contaminants making 
this sensor sensitive and highly selective. Further study of the Au-based sensors pushed the 
study to use Au in conjunction with Pt in an alloyed form. Using the hydrogen bubble template 
technique with varying concentrations of Pt were used to form a sensor with a very large 
electrochemical surface area (ECSA). In this study various concentrations of Pt were added to 
the electrodeposition solution with 0.5 mM of Pt showing the largest overall surface area and 
the highest sensitivity in the presence of glucose. Electrochemical glucose sensing analysis 
was performed on the Au-Pt alloyed sensor producing a high sensitivity of 109.3 µA·mM-1·cm-
2 showing the alloyed material produced a higher sensitivity than that of the monometallic Au 
sensor. With the addition of Pt, a higher sensitivity was obtained whist the large presence of 
 
 
Au allowed for the sensor to have excellent selectivity in the presence of common 
physiological contaminants which has previously hindered the use of Pt in glucose sensing 
nanostructures.  
To reduce Au content yet increase sensitivity, highly active Au nanoparticles on a Ni platform 
were employed. It is well known that Au nanoparticles grown by galvanic replacement are 
highly active however a uniform formation is a major challenge due to the mechanism by 
which a galvanic replacement reaction occurs. From this knowledge, Ni colloidal crystals were 
employed to attempt to overcome this issue. Multiple concentrations of Au were used to 
determine the optimal concentration of Au which was found to be 0.1 mM of HAuCl4. Analysis 
of this formed sensor was performed and a very large sensitivity of 506 µA·mM-1·cm-2 showing 
a much larger enhancement of sensitivity compared to both the pure Au and Au-Pt alloyed 
sensors. The Ni-Au colloidal sensor showed minimal effect from common physiological 
contaminants due to the presence of Au in the structure. Finally, a study of the effect of an 
additional material was studied in the presence of the metal oxide Co3O4 due to its excellent 
biocompatibility and excellent sensitivity in the presence of glucose. The hydrogen bubble 
templated technique was used to form a pure Au lattice structure which was then coated in 
pure Co3O4 nanowires using the hydrothermal technique. The formed structure had a 
completely cohesive structure where Co3O4 moulded over the Au allowing for synchronized 
sensing between the Au and Co3O4 components to occur. The electrochemical sensing 
analysis of the Au-Co3O4 structure showed a huge sensitivity of 2014 µA·mM-1·cm-2 within the 
glucose concentration range between 0.02 and 1 mM. This large sensitivity in the low region 
of glucose concentrations showed the possibility of the sensor performing successfully within 
the glucose concentration range of saliva (20 – 1000 µM). Further analysis of the sensor was 
performed in the presence of synthetic saliva showing an excellent linearity of glucose 
additions and minimal to no effect from common physiological contaminants found in saliva. 
These findings showed the feasibility of the developed electrochemical glucose sensor to be 
employed for non-invasive diabetes monitoring and diagnostic applications.  
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CHAPTER I:  
Introduction 
 
 
 
 
 
 
This chapter provides an overview of the thesis, including the motivations and key objectives 
of the study. A concise thesis outline is provided  
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1.1 Introduction 
This section addresses the motivations for this thesis and the objectives implemented to 
address the direction of the research. The author’s achievements throughout the duration of 
this work have been outlined and the organisation of the thesis is explained.  
 
1.2 Motivation 
Diabetes is a global epidemic effecting the lives of both the people struggling with the chronic 
disease as well as the people aiding in their treatment. Diabetes is a chronic disease which 
effects the production of insulin via over-production (hyperglycaemia) or under-production 
(hypoglycaemia). Currently there are 4 types of diabetes that are recognised by the world 
health organization known as Type 1 (insulin dependent), Type 2 (adult-onset), gestational 
and pre-diabetes.1 In 2015, 415 million people were estimated to have diabetes globally with 
that number expected to increase to 642 million by the year 2024. In 2015 the International 
Diabetes Federation (IDF) estimated there were 5 million deaths per year due to the effects 
of diabetes, which is included as one of the 3 major killers in the world along with ischaemic 
heart disease and cerebrovascular disease.2 As the number of people being diagnosed with 
this chronic disease increases, the need for patients to easily manage and assess the state of 
their health is ever increasing. The criteria for a person to be diagnosed with diabetes is mainly 
attributed to their fasting plasma glucose (FPG) threshold which has currently been recorded 
as 7.0 mmolL-1 and above.3 The necessity for a person managing their symptoms to be able 
to easily and comfortably determine their glucose concentrations without the need for 
medical assistance is of the greatest importance. The idea of a blood glucose sensor was 
initiated by Clarke and Lyons in 19624 using glucose oxidase in conjunction with an oxygen 
electrode which was classified as an enzymatic glucose sensor. As glucose sensing research 
has improved over the years the push for non-enzymatic glucose sensors; sensors where the 
main sensing component is made of metal-based materials, has increased. This push towards 
non-enzymatic sensors is due to the poor reproducibility, chemical instability and high cost of 
enzymatic sensors that have been developed.5-6 As research continued with non-enzymatic 
glucose sensors, higher sensitivities,7 better reproducibility and selectivity in common 
physiological contaminants were encountered compared to the enzyme-based counterparts.8 
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As breakthroughs are being reported in developing relatively more sensitive glucose 
detection techniques, the desire for patients to no longer use blood as their main 
measurement tool has pushed towards developing non-invasive glucose sensors. Research 
has steadily increased in this area predominantly via optical-based sensing methods9-10 
however electrochemical sensors have the ability of producing higher selectivity’s with 
limited to no interference with physiological contaminants compared to optical counterparts. 
Research in this area has started to target other bodily fluids easily obtained with little to no 
invasive sampling from the patient compared to blood, such as the detection of glucose in 
tears, sweat, saliva and breath.11 Pure metal-based sensors have a good selectivity (Au has 
shown the least amount of surface poisoning from research) however their sensitivities are 
not high enough for low concentration range suitability. Additional materials such as alloys 
(specifically Au-Pt) and metal oxides (Co3O4) have improved sensitivities depending on their 
morphology and cohesion with all components. Each of these materials have been shown to 
be effective in-situ with minimal success in real-life blood and non-invasive media analysis. In 
this thesis steps were taken to fully understand and analyse the most effective structure 
morphology and additional component to achieve a large sensitivity with good selectivity 
which would then be effective in non-invasive media. For all developments the method of 
detection was to be via electrochemical sensing which has shown to be impacted minimally 
by physiological interferences, having the greatest success for real-life sensor development 
in the future.  
 
1.3 Objectives 
In this research the aim is to investigate the development of Au-based nanostructures in 
different forms which have been tailored towards specific glucose sensor properties. Sensor 
reproducibility and selectivity in the presence of common physiological contaminants, high 
sensitivities with all components being bio-compatible was the focus of the project. As the 
development of various nanostructures continued, the size, shape and density of the 
nanostructures were altered to fully understand the role of Au in the sensing of glucose 
before introducing additional materials with their specific roles to develop functional 
composite materials. The effect of combining material components (different 
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metals/additional materials) which exhibited all the necessary characteristics needed for a 
possible non-invasive glucose sensor were also investigated. To develop a sensor which met 
these goals the following objectives were followed: 
• To develop Au-based nanostructured materials which are tailored specifically for the 
desired usage as an electrochemical glucose sensor 
• To determine the best size, shape and morphology of pure nanostructured Au surfaces 
which are the most active when undergoing electrochemical-based glucose electro-
oxidation 
• To study and analyze the sensing performance of Au-based materials in an alloyed 
form with carrying amounts of Pt added. To study and analyze the effect of Au as an 
additional material (scattered Au nanoparticles) to an overall nanostructured material 
and how this enhances the electrochemical glucose sensing of the composite material 
• To study and analyze the effect of an additional material (Co3O4) to a Au 
nanostructured material and how this new structure is enhanced for the 
electrochemical glucose sensing of the composite material 
 
1.4 Thesis Outline 
This thesis has been structured to tell a story of the development and application of Au in 
different forms and how each form effects the glucose sensing capabilities of Au based 
materials. Varying concentrations of additional materials were studied via their morphology, 
surface area and electrochemical glucose sensing performance. Each chapter underwent 
similar processes through material development, material characterization and finally sensing 
capabilities. To communicate the investigation, one literature review chapter and 4 major 
results chapters have been presented each with their own supporting information which have 
all been peer-reviewed and published in reputable journals. Each chapter is detailed as 
follows:  
The initial chapter (Chapter 1) outlines the overall motivation, objectives and thesis 
organization of this work which acts as an introduction to the overall thesis. 
Chapter 2 is a full review of the past and current literature of glucose sensing. In assessing the 
pros/cons of different materials/techniques studied and reported in literature or glucose 
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sensing applications, the author concentrated on Au nanostructures for detecting glucose via 
electrochemical technique with a view of reaching detection limits and sensitivities that 
enable the use of the materials and techniques for non-invasive glucose detection 
applications in the future.  
Chapter 3 begins with the aim of developing a pure Au nanostructured sensor in the form of 
nanospikes. The nanospikes growth conditions were varied by using different HAuCl4 
concentration, Pb acetate concentration (used as additive), growth time variation and 
electrochemical deposition potential variation. Each of these parameters were studied in the 
presence of glucose thus enabling the determination of the optimal nanospikes growth 
conditions for glucose sensing performance. The optimum spike structure showed a larger 
current response in the presence of glucose compared to pure Au with the sample exhibiting 
the greatest response undergoing electrochemical glucose sensing measurements to 
determine its sensing performance.  
In chapter 4 the author furthered the development of Au by developing Au-Pt alloys. A 
constant concentration of HAuCl4 was used with varying Pt concentrations added for optimal 
morphology and glucose sensing performance. This nanostructure was formed using the 
hydrogen bubble template technique drastically increasing the surface area of the sensor 
compared to chapter 3. The optimal Au-Pt alloy sample then underwent electrochemical 
glucose sensing measurements to determine its sensing capabilities.  
Chapter 5 continues the analysis of implementing Au by utilizing Au as an additional material. 
As even morphology was found to be a contributing factor in sensing performance from 
chapters 3 and 4, a sensing material composing of Ni colloids was developed with varying 
concentrations of galvanically replaced Au atop the Ni colloids. The even structure of the Ni 
colloids across the surface of the substrate presented a seamless yet highly active surface for 
our base structure. The addition of Au nanoparticles was evenly distributed by galvanic 
replacement after varying the HAuCl4 concentration to the optimal concentration. As with the 
previous sensors electrochemical glucose sensing measurements were performed 
determining its sensing capabilities.  
In chapter 6 the studies of chapters 3-5 showed the importance of large surface area and 
seamless surface structure, thus a hydrogen bubble templated Au base structure was 
analysed with the addition of a metal oxide in the form of Co3O4 nanowires. The addition of 
Co3O4 was chosen due to its cohesion with Au which has been shown to drastically increase 
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sensitivity whilst allowing the good selectivity of Au to be maintained. The concentration of 
CoCl2 salt was varied for optimal performance in glucose. The optimal Au/Co3O4 sensor then 
underwent electrochemical glucose sensing presenting an exceptional sensitivity. From this 
high sensitivity the capabilities of the sensor in the presence of synthetic saliva were then 
performed using electrochemical sensing techniques in the form of a non-invasive 
electrochemical glucose sensor.  
The summation of the thesis is outlined in chapter 7 where the conclusions of the thesis are 
extrapolated upon and future research direction is outlined.  
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CHAPTER II: 
Literature Review 
 
 
 
 
 
 
 
This chapter covers the literature related to this research thesis. The many developments in 
glucose biosensor research will also be discussed. How the biosensor has changed over time 
and the different types of glucose biosensors available. The recent developments in glucose 
biosensor research are also explained.  
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2.1 Diabetes and its global impact 
This subsection explains what diabetes is, who it effects and the global impact of diabetes.  
2.1.1 Diabetes 
Diabetes is one of the most prevalent diseases effecting the world today. Approximately 422 
million adults are currently living with the disease, a number that has quadrupled from 108 
million since the year 1980.1 Diabetes is a chronic disease which effects the production of 
insulin, a hormone that normalizes blood glucose levels. For many years the classification for 
diabetes was separated into 3 distinct categories, referred to as type 1, type 2 or gestational 
diabetes. Type 1 diabetes effects the pancreas causing an inability to produce enough insulin 
to maintain normal glucose levels and is most commonly developed due to genetic markers. 
Type 2 diabetes is due to a reduction in insulin production where the produced insulin does 
not work effectively. Type 2 represents 85-90% of all cases and is most commonly developed 
due to an unhealthy lifestyle and genetic markers. Gestational diabetes occurs in women who 
are pregnant at around the 24-28 week mark in their pregnancies and blood glucose levels 
commonly return to normal levels after childbirth.2 A new study conducted by Dennis et. al.3 
showed 5 distinct forms of diabetes named as ‘clusters’. Cluster 1 is in the form of the 
traditional type 1 diabetes definition, with cluster 2 causing severe insulin deficiency in 
children, cluster 3 being a severe case of insulin-resistance leading to a higher risk of kidney 
disease, cluster 4 being a mild form of type 2 diabetes where obese patients develop the 
disease and cluster 5 which is the development of a mild form of diabetes in elderly patients.3 
Along with patients being effected by diabetes, the families and support networks of the 
people struggling with this disease are also effected. More work needs to be done for 
managing the disease which would reduce the impact on the carers of the patients living with 
diabetes. With such a large number of people in the world living with diabetes (costing $825 
billion annually for treatment4) the ability for sufferers to self-monitor their glucose levels is 
of great need. This self-monitoring would allow for a patient to check their glucose levels in 
real-time that is both consistent and accurate in their response, without the need for a 
medical professional. This development would reduce ongoing costs for the patient as well as 
reducing the in-face contact time between patient and doctor. Previous efforts in research to 
solve this problem focused on invasive-type sensors which required the patient to puncture 
their skin and use a blood sample to measure their blood glucose level. Due to the discomfort 
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exhibited by the patient for this highly invasive technique, non-invasive forms of analysis are 
being developed for self-monitoring devices. A full understanding of the history of glucose 
biosensor development will be discussed to examine the progression of research to date in 
this exciting area.  
2.2 Glucose biosensors 
2.2.1 Glucose biosensors-general theory 
A biosensor can be defined as a ‘compact analytical device or unit incorporating a biological 
or biologically derived recognition element integrated or associated with a physio-chemical 
transducer’.5 The main components of a biosensor (Figure 1) consist of a recognition element 
which differentiates between the desired molecule and common interfering species, a 
transducer element which converts the target being analysed into a measurable signal and a 
processing system converting the signal into a form that is easily read and analysed.6-8 In 
general the 3 main types of electrochemical sensors are potentiometric, amperometric and 
conductometric.9-11 Potentiometric sensors are small, portable, produce low-oxygen 
consumption and are cheap to develop.12 Amperometric sensors can be categorised into two 
generations and are the most commonly used for glucose sensors. The first (Figure 2A) 
consisting of an electroactive specie which is produced or consumed as the sensor substrate 
interacts with the attached enzyme. The downfall of using amperometric sensors is their 
inability to be utilized at high potential regions due to the oxidation of most physiological 
components, thus poisoning the system.13 The second generation of amperometric based 
biosensors (Figure 2B) involves a co-reactant and the auxiliary enzyme being integrated to 
the biosensor’s biological layer for lower on-set potentials which reduces the poisoning of its 
surface.14 Conductometric sensors have the advantage of not using a reference electrode and 
Figure 1 Schematic of a common biosensor 
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can be miniaturized quite successfully, however this type of sensor is relatively sensitive to 
light causing issues in everyday usage.15  
2.2.2 Glucose biosensors- general enzyme mechanism 
The main glucose interactions which produce the signal analysed by the enzyme-based 
biosensor come from the interaction between glucose and either glucose oxidase (GOx) or 
glucose-1-dehydrogenase (GDH) formed on the sensors surface.16-17 The main mechanism for 
enzyme-electrodes (equation 1) involves glucose oxidase catalysing glucose via oxidation 
forming gluconic acid and hydrogen peroxide.18 
Glucose + O2 → gluconic acid + H2O2       (1) 
Along with this reaction, the attached glucose oxidase (which has formed on the surface) 
(equation 2) can bond with the metal surface via a reaction with oxygen leading to the 
formation of hydrogen peroxides (equation 3a), followed by the oxidization of the produced 
hydrogen peroxide on the surface (equation 3b). By conversion into an electrochemical signal, 
Figure 2 (A) Schematic of a first-generation glucose biosensor (based on a probe 
manufactured by YSI Inc.) and (B) second-generation glucose sensor mediated system 
(reprinted with permission from Ref. 20) 
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the number of electron transfers allows for the number of glucose molecules present in the 
blood to be determined.19-20 
Glucose + GOx(OX) → gluconolactone + GOx-metal     (2) 
GOx-metal + O2 → GOx(OX) + H2O2       (3a) 
H2O2 → O2 + 2H+ + 2e-        (3b) 
From this mechanism glucose sensors have been produced across the years developed from 
utilizing the enzyme glucose oxidase (GOx) which is an enzyme produced when oxygen and 
glucose are present. This enzyme was originally utilized as the active species for early 
generation glucose sensors with further sensor development utilizing pure metals, metal 
composites, alloyed materials and metal oxides to achieve higher sensitivities and selectivity 
against common interfering species which could hinder the sensors response. The 
progression and development of each of these sensors will be discussed in the next sections.  
2.3 Enzymatic glucose sensors 
Clarke and Lyons proposed the first glucose oxidase (GOx) based glucose sensor in 19626 
which consisted of GOx placed over an electrode which monitored the oxygen consumption, 
denoted by the equation:  
Glucose + oxygen
glucose oxidase
→         gluconic acid + hydrogen peroxide    (4) 
From this initial glucose sensor, the modification and improvement history for glucose sensor 
development has taken many strides in not only the analysis technique (invasive/non-
invasive) but also the type of electrode being used. The initial success of the enzyme-based 
electrode predominantly relied on the use of oxygen as the physiological electron acceptor. 
Unfortunately the use of oxygen caused numerous limitations for the functionality of the 
electrode most commonly due to the glucose/oxygen ration being too large which can cause 
peroxide causing the signal and the glucose concentration to be lost.21 Due to the major 
limitations in functionality, second-generation glucose biosensors began to be researched. 
The second-generation biosensors mainly involved electron transfer between GOx and 
electrode surfaces,22 artificial mediators23-24 and the attachment of electron-transfer relays.25 
Second-generation glucose sensors had further limitations due to environmental conditions, 
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such as temperature, pH and humidity along with enzyme-poisoning molecules which 
effected their performance.26 The mediating material (M) replaces the O2 molecules whilst a 
shuffling of electrons occurs to react with the redox centre of the GOx enzyme. This is then 
followed by the re-oxidation of the reduced mediator generating a current which allows for 
interaction with the working electrode.23, 27 The mechanism pathway for second-generation 
biosensors are described in equation (5a,b and c). 
Glucose + GOx(FAD) → gluconic acid + GOx(FADH2)     (5a) 
GOx(FAD2) + 2Moxidized + 2e- → GOx(FAD) + 2Mreduced + 2H+    (5b) 
2Mreduced → 2Moxidized + 2e-        (5c) 
 Enzyme-based glucose sensors were a necessary step in the glucose biosensing phase 
however as they suffer poor reproducibility, thermal and chemical instability and are 
expensive to produce.38-39 Different enzyme-based sensors and their characteristics are 
presented in Table 1. Metal-based additions (nanoparticles, metal oxides) to enzymatic 
glucose sensors have been able to increase sensitivities whilst keeping detection limits quite 
low in the µM region. The addition of the metal component has also improved selectivity of 
the sensors allowing for less surface poisoning due to interfering species. Further detail of the 
effect of individual metals and additions against glucose are discussed in the ongoing 
chapters.  
Material Applied potential/ 
scan rate 
Sensitivity  
(µA·mM-1·cm-2) 
Detection Limit 
(µM) 
Linear range 
(mM) 
Ref. 
GR-CNT-ZnO-GOx - 5.36 4.5 0.5-6 28 
ERGO-MWCNT/GOx/Nf +0.35 V 7.95 4.7 0.01-6.5 29 
Gelatin-MWCNT-GOx -0.44 V 2.47 - 6.3-20.1 30 
GOx/NdPO4 NPs/CHIT +0.4 V 1.92 0.08 0.15-10 31 
GOD-GR-chitosan NC 100 mVs-1 37.93 0.02 0.08-12 32 
Nafion-GOx-SWCNHs +0.3 V 1.06 6 0-6 33 
Silica sol-gel- Gox-CNTs +0.3 V 0.196 150 - 34 
GOD/CdS-PGE 200 mVs-1 7 0.05 0.5-11.1 35 
Nafion-CdTe-GOD/GC 50 mVs-1 1.018 - 0-1 36 
MWCNT-Nafion-GOD-NBC +0.7 V 0.33 4 0.025-2 37 
Table 1 Comparison table of enzymatic electrochemical glucose sensors 
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2.4 Non-enzymatic glucose sensors 
Much success in the form of electrochemical devices incorporating structured materials have 
been exhibited due to better sensitivities, good reproduction of results and can withstand 
effects from interfering species whilst being cheaper to develop compared to their enzyme-
based counterpart. Non-enzymatic glucose sensors differ from enzyme-based glucose sensors 
through the lack of using an enzyme as the working electrode and implementing a metal 
structure in its place. The electrode therefore relies on the surface formation of 
gluconolactone without producing peroxide (unlike enzyme-based sensors) which reduces 
the effect of physiological contaminants and low sensitivities. Non-enzymatic glucose sensors 
include individual metals, alloys, bimetallics, carbon-based materials, heterogeneous metal-
metal oxide nanocomposites etc. The main functionality of non-enzymatic glucose sensors 
involves the process of electrocatalysis via the adsorption of the analyte to the electrode 
surface allowing for a suitable bond with the absorbate.40 Metals that have shown great 
success as non-enzymatic glucose sensors include Pt,41-44 Au,45-47 Ni,48-50 Cu,51-54 Pd55-57 and 
Ag.58-60 Pt electrodes were highly popular in initial tests due to the great chemical 
electrooxidation of glucose atop Pt surfaces having similar response values in acidic, neutral 
or alkali buffer solutions. Very high sensitivities and excellent electrocatalytic activity are 
commonly exhibited for Pt electrodes towards glucose,61 however they are easily affected by 
the chemisorption of Cl- ions on the electrode surface impeding glucose, hydrogen and 
hydrous oxides from being detected on the surface.62 Hoa et. al.41 formed a Pt/GOH/HPT 
glucose biosensor shown in Figure 3A and B. This sensor was highly sensitive (137.4 µA·mM-
1·cm-2) showing large amounts of Pt particles caused agglomerates on the surface reducing 
the electrocatalytic surface area.41 Unlike many other metals which experience hydrogen 
adsorption on the surface, Pt experiences chemisorption on its bare surface known as a 
‘dehydration step’. Further oxidation of the adsorbed dehydrated intermediate then occurs 
forming weakly adsorbed gluconate. At high potentials the adsorbed dehydrogenated 
intermediate gets oxidized forming glucono-δ-lactone then eventually desorbs back to 
gluconate.63 These reactions are exhibited in equations (6) and (7) 
Pt(OH)x + xe- → Pt + xOH-        (6) 
Pt + H2O + e- → Pt-H + OH-         (7) 
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The extremely high cost of Pt was a major deterrent for further application as a glucose 
biosensor. Au has been widely used as a non-enzymatic glucose sensor due to its high 
electroactivity towards glucose, excellent biocompatibility, stability in the presence of 
common physiological contaminants (due to low-on-set potentials) and a high activity in the 
presence of neutral or alkali electrolytes.64-65 However, similar to Pt, Au suffers from 
poisoning by chloride ions in neutral electrolytes due to the absorbance of amino acids on the 
Au surface.66 The electrochemical glucose sensing mechanism for Au will be discussed in detail 
in the next section as opposed to the mentioned metal reactions, the mechanism for Au 
remains relatively unknown. 
Ni has been widely explored in alkaline medias for glucose sensing applications. The well-
established mechanism of Ni in the presence of glucose involves Ni(III) oxyhydroxide 
partnering with a hydroxyl group to form Ni(OH)2 or NiO(OH) as a redox couple. This coupling 
then finalizes with oxidation of glucose to gluconolactone which is catalyzed by the Ni(III)/(II) 
redox couple.67 This mechanism is denoted by the equations (8) and (9).48, 68 
Figure 3 (A) SEM image of Pt/GOH/HPT  glucose biosensor and (B) its corresponding 
amperometric I-V graph in glucose at +0.1 V (Reprinted with permission with Ref. 43). (C) 
SEM image of NiCF nanocomposite and (D) its corresponding amperometric response when 
undergoing glucose additions at +0.6 V (Reprinted with permission with Ref. 72). 
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Ni(OH)2 + OH- → NiO(OH) + H2O + e-       (8) 
NiO(OH) + glucose → Ni(OH)2 + gluconolactone     (9) 
Due to this highly effective mechanism Ni displays a much higher sensitivity compared to Au 
and Pt. However, Ni is a challenge to be used in neutral and acidic solutions due to the high 
dependence on OH- anions in the reaction mechanism that catalysis the electrooxidation of 
glucose.69 Liu et. al.70 formed a Ni nanoparticle-loaded carbon nanofiber paste electrode 
(Figure 3C) exhibiting a very low detection limit of 1 µM with a wide linear range between 2 
and 2.5 mM and shown by the amperometric analysis in Figure 3D.  
Cu is most commonly used in research as it is cheaper than the previous metals mentioned 
(Pt, Ni and Au) making it more economical as the electrode sensitive layer in glucose biosensor 
development. It displays sufficient sensitivity and selectivity in physiological contaminants 
however has similar pitfalls to Pt such as the adsorption of chloride ions on the surface. Luo 
et. al.54 formed Cu nanoparticles on graphene sheets (Figure 4A) which exhibited a very low 
detection limit of 0.5 µM with a large linear range up to 4.5 mM in the presence of glucose 
(Figure 4B). The electrochemical oxidation of glucose via Cu involves the transition of Cu(II) 
to Cu (III) with a clear indication of Cu(III) occurring at a high on-set potential very similar to 
the redox reactions occurring for Pt in the presence of glucose.71-72 This process involves a 2 
step mechanism where the CuO layer on the surface of the electrode is oxidized to the active 
Cu(III) species. Glucose is then oxidized to glucono-δ-lactone due to the Cu(III) radical. This 
mechanism is denoted by equations (10) and (11).73-76 
CuO + OH- → CuOOH + e-         (10) 
 2CuOOH + D-glucose → 2CuO + glucono-δ-lactone + H2O    (11) 
Palladium is growing in its use as a non-enzymatic glucose sensor, most commonly paired with 
carbon-based nanomaterials (graphene77 or carbon nanotubes78). The effect of this pairing 
between Pd and its carbon-counterpart produces good electrocatalytic activity in the 
presence of glucose.79 Yi et. al.55 formed a nanoporous Pd-modified TiO2 electrode (Figure 4C 
and D) with a linear range in glucose solution between 7 and 35 mM. Similar to Cu, Pd is 
oxidized to form PdOH which then interacts with glucose forming gluconolactone. The 
mechanism is described in equations (12) and (13). 
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Pd + OH- → PdOH + e-         (12) 
PdOH + glucose → Pd + gluconolactone      (13) 
Ag based glucose biosensors have received much attention as a quality noble metal with 
further enhancement compared to others due to their biocompatibility, great catalytic 
activity and low toxicity.80 However, the structure, size and shape greatly affect their 
sensitivity and selectivity in the presence of glucose making them difficult to be used. Much 
like Pd, Ag has shown greater success when paired with carbon-based materials such as 
carbon nanotubes60 and graphene58 showing improved linear ranges and lower detection 
limits. A comparison table of various mono-metallic non-enzymatic glucose sensors are 
shown in Table 2. From this table it is observed that Cu based sensors required higher applied 
potentials where Pt showed the lowest applied potentials which can aid in reducing the effect 
of common physiological contaminants. Metals which combined with carbon-based materials 
such as Pt-MWCNT’s-Nafion showed the greatest linear ranges compared to pure metal  
Figure 4 (A) SEM image of Cu-graphene sheet with (B) the corresponding cyclic 
voltammograms in 2 mM glucose solution at 100 mVs-1 (Reprinted with permission from Ref. 
56). (C) SEM image of Pd modified TiO2 electrode and (D) the corresponding cyclic 
voltammograms in glucose at 20mVs-1 (Reprinted with permission from Ref. 57). 
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materials.  
 2.5 Gold as a non-enzymatic glucose sensor 
 Among the metals tested to date, gold has been shown to be easily modified, both in their 
structure and functionality as desired for a particular application. These properties mainly 
come from the high chemical stability of gold and fairly uncomplicated synthesis and 
modification procedures.86 Controlling the size, shape and morphology of Au,87 adjustment 
for the application can improve the chemical sensors sensitivity and selectivity by 
functionalizing the particle surface designing application-specific functional groups. For the 
specific application of glucose sensors, studies into the use of Au have shown that the main 
catalytic component of Au is AuOH forming on the electrode’s surface. This product (AuOH) 
is due to the chemisorption of hydroxide anions in alkaline environments.64, 88 Although much 
work has been done for the application of Au as a non-enzymatic glucose sensor, the exact 
mechanism in the presence of glucose is still unknown. Some of the proposed mechanisms 
involving the reaction between Au and glucose are as follows:  
Nikolaeva et. al.89 proposed glucose electrooxidation occurred at high on-set potentials where 
gold oxide is formed along the surface of the Au which causes a large catalytic effect.89 This 
mechanism is denoted by equation (14):  
AunOm-1 +2OH- → AunOm + H2O + 2e-      (14) 
Material Applied potential  
(V) 
Sensitivity  
(µA·mM-1·cm-2) 
Detection Limit  
(µM) 
Linear range 
(mM) 
Ref. 
Pt-MWCNTs-Nafion 0.0 - - 1-11.7 81 
Pt-MCs +0.1 8.52 3 0-7 82 
Ni CFP +0.6 3.3 1 0.002-2.5 70 
Ni NWAs +0.55 1043 0.01 0.05-7 48 
Cu-graphene +0.5 - 0.5 0.0005-4.5 54 
Cu 
nanocluster/MWCNT/GC 
+0.65 17.76 0.21 0.0021-3.5 83 
Pd nanoparticles +0.18 - - 1-20 84 
Pd NP -CNT +0.4 11.4 - 0-46 85 
Ag MWCNT NC +0.7 - 0.0003 0.001-3.5 60 
AgNPs-graphene -0.5 - 100 - 58 
Table 2 Comparison table of non-enzymatic monometallic electrochemical glucose 
sensors 
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Makavos and Liu90 showed a positive current peak via the cathodic sweep in cyclic 
voltammetry (CV) analysis which exhibited a highly linear dependence via the maximum 
current values and the glucose concentration in a large potential range. This reaction was 
highly dependent on the electrolyte composition, where a new mechanism was proposed for 
the peak composition. In this mechanism they proposed that the previous mechanism 
proposed by Nikolaeva et. al.,89 did not allow for the continuation of the reaction when the 
potential favoured the partial reduction of gold oxides.90  
AunOm + 2e- → AunOm-1 + O2-       (15a) 
AunOm-1 + 2OH- → AunOm + H2O + 2e-      (15b)  
From this proposed mechanism they concluded that gold oxide can be utilized as a catalyst 
for glucose oxidation in glucose biosensor due to proper separation of inhibitors present such 
as chlorides, amino acids and human albumin.91 From the proposed mechanisms, the overall 
reaction of gold via glucose electrooxidation is explained. Step (1) shows the glucose molecule 
Figure 6 SEM image of (A) nanocoral Au and (B) the corresponding chronoamperometric 
additions analysis of glucose (Reprinted with permission from Ref. 47). SEM images of (C) 
porous Au and (D) its corresponding amperometric linear response in the presence of glucose 
(Reprinted with permission from Ref. 103).  
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electrochemically adsorbing on the electrode surface due to dehydrogenation. Step (2) occurs 
directly after this dehydrogenation, which involves the dehydrogenated molecule being 
converted to gluconate via direct oxidation involving the production of a hydroxide ion and 
the elimination of a hydrogen ion (H+). Step (3) proposes a secondary reaction path involving 
the oxidization of the dehydrogenated glucose to δ-gluconolactone. This δ-gluconolactone 
then reacts with a hydroxide ion forming gluconate.92 An overall mechanism for the glucose 
electrooxidation of glucose is described in equation (16).93 
Glucose + AuOH → gluconolactone + Au     (16) 
Further to the mechanism of gold in the presence of glucose, improvement on the 
functionality of the gold as a successful glucose sensor occurred via the development of 
modified shapes and morphologies of the gold structures forming the gold electrode surface. 
Cheng et. al.45 formed a coral-like pure gold structure (Figure 6A and B) displaying a quasi-
one-dimensional structure which displayed a very high sensitivity in the presence of glucose. 
From this study comparing numerous formations of gold-based nanostructures they 
concluded that the overall surface area that was exposed to glucose effected the amount of 
gold oxides formed via glucose electrooxidation. Li et. al.94 proposed the porosity of the gold 
material (Figure 6C and D) could dramatically enhance the glucose electrooxidation on the 
electrode surface via the hydrogen bubbling templating technique.94 Comparison of various 
Au-based electrochemical glucose sensors are shown in Table 3 where the type of structure 
effected the applied potential with sensitivities relatively similar in most cases.  
Material Applied potential  
(V) 
Sensitivity  
(µA·mM-1·cm-2) 
Detection limit  
(µM) 
Ref. 
AuNPs/C/chitosan -0.2 0.55 180 95 
Au NT array +0.25 1.13 10 96 
Au nanorods +0.3 15.17 - 97 
Au nanoplates +0.65 49.5 200 98 
Au nanodendrite +1 46.76 7 99 
Au nanocorals +0.2 22.6 10 45 
Au polycrystalline +0.25 32 6 100 
Nanostructured Au -0.55 - 0.32 101 
Porous Au +0.35 11.8 5 94 
Au film/GCE -0.05 153 50 102 
Table 3 Comparison table of non-enzymatic pure Au electrochemical glucose sensors 
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2.6 Metal composites 
Along with monometallic non-enzymatic glucose sensors, combinations of metals and metal 
oxides have been highly successful. The use of a combination of materials has been shown to 
enhance sensor performance such as excellent sensitivity, low detection limits and larger 
linear ranges; while reducing poisoning on the surface to enhance selectivity toward glucose. 
Common metal composites are presented in Table 4 with combinations with metal oxides 
producing the highest sensitivities and lowest detection limits with metal combinations (Pt-
Au and Pt-Ni) showing the lowest applied potentials which enhances the sensors selectivity. 
2.7 Alloys 
As discussed in the previous section (section 2.7 and 2.8), the individual metals used for non-
enzymatic glucose sensors display benefits and pitfalls when used regardless of structure and 
size. By combining two different metals as alloyed materials or bimetallic composites the 
glucose sensing capabilities of the individual components can be enhanced and reduction of 
surface poisoning and pitfalls can be reduced. Most commonly Pt,113 Pb,114 Au,38 Ag,115 Pd,116 
Co,117 Cu118 and Ni119 are used for these conjunctive formations,120 with common alloy pairs 
being Ag-Ni,121 Pt-Pb,122 Cu-Co,123 Ni-Cu,124 Ni-Co,125 Pt-Au126 and Pd-Cu.127-128 Kang et. al.38 
proposed that by forming an Au-Pt alloy (Figure 7A and B) improvement in the electrocatalytic 
properties occurs compared to their monometallic counterparts, increasing the overall 
electroactive surface area as well as allowing for lower applied potentials during the 
Material Applied potential  
(V) 
Sensitivity 
(µA·mM-1·cm-2) 
Detection limit 
(µM) 
Ref. 
Cu-NiO composite/GCE +0.4 171.8 0.5 103 
Pt-Pd 
nanoparticles/mesoporous 
carbon/Nafion/GCE 
-0.02 0.11 120 104 
Cu-Cu2O microspheres/GCE +0.45 33.63 0.05 105 
PtNi nanoparticles/graphene -0.35 20.42 10 106 
MnO2/MWNRs composite +0.3 33.19 - 107 
Au-Ni nanorods +0.4 778.2 5.5 108 
NiO/Pt/ERGO +0.6 668.2 0.2 109 
CuO-Ag2O NPs +0.45 3130 0.098 110 
NiO-GR/GCE +0.35 158 5 111 
PtAu nanoporous +0.6 22.77 0.5 112 
Table 4 Comparison table of metal-composite non-enzymatic electrochemical glucose 
sensors 
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electrooxidation of glucose. The lower applied potentials can drastically improve the 
selectivity of the glucose sensor.38 Ranjani et. al.125 showed the formation of a Ni-Co alloyed 
nanostructure which was proposed due to Ni and Co displaying a similar crystal structure 
allowing for an enhancement in electrochemical and structural stability of the formed 
materials.125 Sun et. al.119 proposed a Pt-Ni alloy nanotube electrode (Figure 7C and D) which 
displayed an enhanced sensitivity compared to their individual components. They also 
observed that the conjunction of these two components (Pt and Ni) offered a much lower 
working potential reducing the effect of common interfering species which had previously 
hindered the electrooxidation capabilities of Pt and Ni when used individually.119 For Ni-Ag, 
Ni exhibits poor electric conductivity129 impeding their performance as a good glucose 
biosensor. To counteract this phenomenon the addition of Ag was used by Miao et. al.130 due 
to silvers excellent activity towards the electrocatalytic oxidation of glucose molecules.130 In 
the case of Pt-Pb, Pt can be easily poisoned by adsorbed chloride ions and intermediates 
which then block the electroactive surface of the electrode impeding its response. Along with 
Figure 7 (A) SEM image of Au-Pt alloy NP’s on CNTs/CS modified GC and (B) its corresponding 
amperometric response when undergoing glucose additions at +0.1 V (Reprinted with 
permission from Ref. 38) (C) SEM image of Pt replaced Ni nanowires and (D) its corresponding 
amperometric response when undergoing glucose additions at -0.35 V (Reprinted with 
permission from Ref. 121). 
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this surface poisoning, slow response to faradaic currents and selectivity in the presence of 
ascorbic acid (AA), Uric acid (UA) and other problematic interfering species is poor causing 
surface poisoning.62-63, 131 By pairing Pt with an element such as Pb the authors were able to 
reduce the applied potential of the reaction further negative reducing the effect of 
physiological contaminants that could possibly poison the sensitive layer Although selectivity 
is improved, poisoning by chloride ions still occurs so larger surface areas when using this 
alloy are of great importance, as the larger the active surface area the better the glucose 
electro-oxidation of the sensor.114, 132 Noh et. al.123 (Figure 8A and B) studied the alloy 
combination of Cu-Co for glucose electrooxidation with Cu as the main metal constituent as 
it is not effected by chemisorbed intermediates like Pt and Ni commonly exhibit. Their 
structure produced an excellent dynamic range in the presence of glucose ranging between 
0.5 and 14 mM, well within the physiological range of blood glucose concentrations.123 
Commonly Ni-Cu has been used for corrosion protection and reduction in sensitivity from 
poisoning materials133 and the conjunction of the two elements takes advantage of the high 
Figure 8 (A) SEM image of Cu-Co alloy dendrite and (B) its corresponding amperometric 
response when undergoing glucose additions at +0.65 V (Reprinted with permission from Ref. 
125). (C) SEM image of Pd66Cu34/GCE hydrogel and (D) its corresponding amperometric 
response when undergoing glucose additions at -0.4 V (Reprinted with permission from Ref. 
129) 
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sensitivities commonly exhibited with the capabilities of Cu to inhibit surface poisoning.134-135 
Pd-Cu compared to many other alloy combinations is eco-friendly and cheaper to be used as 
catalysts for electrooxidation of glucose.136 Pd-Cu’s compatibility makes them a great 
combination of metallic materials for forming nanocomposites and nanocrystals.137 Yuan et. 
al.127 combined Pd and Cu (Figure 8C and D) forming alloyed nanoparticles where the onset 
potential was drastically reduced to -0.4 V improving selectivity of the sensor with a very wide 
linear range between 0 and 18 mM. Each of the aforementioned alloy combinations 
demonstrate the possibilities alloy materials pose for enhancement in sensing materials. By 
combining two materials with differing optimal properties in the presence of glucose; such as 
good selectivity, low detection limit or high sensitivity, there is the possibility that this will 
minimize the pitfalls of each material (surface poisoning, poor selectivity or low sensitivity) 
Through research many of the alloy combinations involved the addition of the oxide-form of 
the metal alloy component. This shifts the focus to further enhancement of materials to 
composite metal-oxide materials for glucose sensor enhancement. Common alloy-based non-
enzymatic glucose sensors and their properties are shown in Table 5. From the table it can 
seen that a Pt-Cu alloy has the lowest applied potential which reduces surface poisoning by 
interfering species with the Co-CuNP/TDNT producing the largest sensitivity. The combination 
of Cu-Co showed the lowest detection limits with Pt-Pd showing the largest detection limit 
but having the lowest applied potential.   
 
Material Applied potential  
(V) 
Sensitivity 
(µA·mM-1·cm-2) 
Detection limit 
(µM) 
Ref. 
Ag-Ni alloy/GCE +0.45 6.48 0.49 120 
Cu-Co alloy +0.65 - 0.1 123 
Pt-Cu nanochains -0.01 135 2.5 138 
Au-Cu/CNTs/C +0.34 22 4 139 
Pt3Ru1 Ns +0.05 31.3 0.3 140 
PtPbNP/MWCNT +0.3 17.8 7 141 
Co-CuNP/TDNT +0.6 2581.7 0.6 142 
NP-PdCr +0.35 0.75 1.8 143 
NP-PdCu +0.35 1.6 1.9 128 
Pt-Pd nanoflakes -0.3 48 20.6 144 
Table 5 Comparison table of non-enzymatic alloy-based electrochemical glucose sensors 
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2.8 Metal-oxides 
Metal oxides are fast becoming a key-area of modification for glucose biosensors. Metal-oxide 
biosensors have shown to be highly sensitive, relatively inexpensive and have rapid response 
when developed into specific nanostructure forms including nanowires, nanorods, 
nanotubes, nanospheres, nanoparticles and nanofibers.145 The most common metal-oxides 
that have shown the greatest improvement in glucose biosensing development include 
ZnO,146-147 CuO,148 NiO,149 TiO2,150 CeO2,151 SiO2,152 ZrO2153 and Co3O4.154 ZnO displays excellent 
biocompatibility, chemical stability, electrochemical activity and rapid electron transfer rate 
whilst displaying a large surface-to-volume ratio of nanostructured ZnO allowing for the 
immobilization of GOx, improving the electrical contact between the surface and GOx.155-156 
Marie et. al.157 formed an electrochemical sensor using zinc oxide nanorods (Figure 9A and B) 
displaying  fast amperometric response of 3s and an excellent sensitivity of 10.911 mA·mM-
1·cm-2. This increase in electrical contact can further be explained via GOx being immobilized 
Figure 9 (A) SEM image of ZnO nanorods and (B) its corresponding amperometric response 
when undergoing glucose additions (Reprinted with permission from Ref. 159). (C) FESEM 
image of CuO nanoflowers and (D) its corresponding amperometric response when 
undergoing glucose additions at +0.5 V (Reprinted with permission from Ref. 165). 
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on the surface of the ZnO surface due to the D-glucose being hydrolyzed producing D-gluconic 
acid and hydrogen peroxide, as shown in equation (17).158 
D-glucose + ZnO + H2O → GOx-ZnO + O2      (17a) 
GOx-ZnO + O2 → D-gluconic acid + H2O2      (17b) 
CuO and NiO are able to oxidize sugars whilst avoiding the poisoning of their electrode 
surface.159 As opposed to their Cu and Ni counterparts, their oxide forms are relatively stable 
in air and solutions,160 as well as having a low development cost whilst exhibiting good 
catalytic and electrochemical performance.161-162 Cu in particular shows a very high specific 
surface area (reactive area), good electrochemical activity and the ability to have a large 
electron-transfer rate at lower potentials. Sun et. al.163 formed CuO nanoflowers (Figure 9C 
and D) displaying an excellent sensitivity of 2657 µA·mM-1·cm-2 with a very good linear range 
between 0 and 6000 µM at a low on-set potential of +0.5 V in alkaline media. The good 
sensing qualities of copper are enhanced when added to a carbon-based backbone material 
such as CNT or carbon nanofibers. These backbone materials allow for the charge transfer of 
the CuO-carbon structure to increase, hence improving sensing performance.164-165 The 
mechanism for CuO consists of an oxidation reaction forming due to the deprotonation of 
glucose isomerization to CuOOH. This reaction is followed by the adsorption of glucose onto 
the surface via the oxidation of Cu(II) and Cu(III). This mechanism is shown in equation (18).163 
CuO + OH- → CuOOH + e-        (18a) 
CuOOH + glucose + e- → CuO + OH- + gluconic acid     (18b) 
Although NiO exhibits excellent sensitivities, NiO is unable to electrocatalyze in low or neutral 
solutions due to the electrocatalysis dependence of NiOOH to its hydroxyl anion.166 Guo et. 
al.167 formed a 3D nickel oxide electrode on Ni foam (Figure 10A and B) showing excellent 
electrocatalytic activity towards glucose (6657.5 µA·mM-1·cm-2) in NaOH with a very low 
detection limit of 0.46 µM. The glucose mechanism for NiO consists of Ni2+ being oxidized to 
Ni3+ due to the presence of glucose. This NiOOH composite (Ni3+) oxidizes glucose by reducing 
itself into peroxide and gluconolactone reforming the Ni2+ species. These reactions are 
dictated in equation (19).168 
NiO + H2O → NiOOH         (19a) 
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NiOOH + glucose → NiO + H2O2 + gluconolactone     (19b) 
TiO2 has received considerable attention due to its minimal cost, ability to be formed to a 
variety of morphologies, shows an excellent biocompatibility, is non-toxic and has good 
chemical/thermal stability.169-171  
CeO2 possessing interesting properties as it is chemically inert, nontoxic, biocompatible, 
possesses high specific surface areas, has good electrical conductivity and possess good 
electron transfer features.151 Due to these properties CeO2 can demonstrate low detection 
limited and with excellent linear ranges in the presence of glucose.172 The mechanism for 
CeO2 consists of enzymatically H2O2 being generated due to the oxidation of glucose which 
can then decompose to react with CeO2, shown in equation (20). 
2CeO2 + 2H+ + 2e- → Ce2O2 + 2H2O       (20a) 
2CeO3 + H2O → 4Ce2O2 + 4e-        (20b) 
Figure 10 (A) SEM image of NiO/NF and (B) its corresponding amperometric response when 
undergoing glucose additions (Reprinted with permission from Ref. 169). (C) SEM image of 
S/NPG/Co3O4 hybrid and (D) its corresponding amperometric response when undergoing 
glucose additions at +0.26 V (Reprinted with permission from Ref. 177). 
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Co3O4 has shown excellent enhancement when used as a glucose biosensor due to its 
excellent biocompatibility, high electrocatalytic activity and adsorption capacity,173-174 
particularly when used in conjunction with a secondary material such as Au,175 TiO2,176 
graphene,177 NiO,178 or PbO2.179 Lang et. al.175 proposed a glucose biosensor consisting of 
hierarchical gold formations via the alloying/dealloying technique forming a large Au base 
with a large surface area (Figure 10C and D). Co3O4 was then hydrothermally placed upon the 
surface of the gold coating the gold electrode surface. This conjunction between the Au and 
metal oxide allowed for an exceedingly large sensitivity when compared to previously 
produced electrochemical sensors along with having minimal effect from physiological 
contaminants due to the combination of Au forming large amounts of AuOH and CoOOH. The 
formation of these intermediates on the internal surface of the electrode is due to the partial 
discharge of OH-, which in turn catalyzed the oxidation of intermediates and allowed for the 
direct oxidation of glucose due to the conversion of Au→AuOH and CoOOH→Co3O4.175 The 
general mechanism for Co3O4 in the presence of glucose involves the reversible transition 
between Co3O4 and CoOOH followed by the further conversion of CoOOH to CoO2. This 
formed Co product then reacts with the glucose present which catalyzes the Co3O4 structure 
producing CoOOH and gluconolactone.154, 180-181 
Co3O4 + OH- + H2O →  3CoOOH + e-      (21a) 
CoOOH + OH- → CoO2 + H2O + e-       (21b) 
CoO2 + glucose → CoOOH + gluconolactone      (22) 
A comparison table of the discussed metal oxides are shown in Table 6 showing the variable 
properties of the comparative glucose biosensors. Co3O4 showed the highest sensitives in the 
presence of glucose with very low detection limits. For all metal-oxide sensors the applied 
potentials were shown to be much higher than the previous types of sensors studied with 
most having an applied potential < +0.2 V which can cause more surface poisoning and 
effecting their selectivity against common interfering species. As the progression of glucose 
biosensors continues these proposed materials have been successful when applied to blood 
glucose measurements. As metal-oxide materials possess high sensitivities, their application 
for non-invasive glucose sensing is where research has been directed.  
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2.9 Other types of glucose sensors 
Further to electrochemical enzymatic and non-enzymatic glucose sensors, much work is being 
done for other methods of glucose detection. Optical and photoelectrochemical glucose 
detection has gained much popularity as non-invasive detection of glucose becomes more 
prevalent. Optical glucose sensors are finding their footing in glucose analysis as they utilize 
nonionizing radiation to interrogate the sample, do not require consumable reagents (such 
as saliva, tears, blood) and take fast measurements. Areas of analysis include Infrared186/near-
infrared spectroscopy,186 raman spectroscopy,187 polarimetry188 and fluorescence 
spectroscopy.189 The approach towards optical sensing has been slow due to the downfalls 
such as a lack in good sensitivities appropriate for real-life usage and interfering species have 
similar response features in optical analysis making selectivity and specificity an ever-present 
issue with optical sensors.190 Mid-infrared (MIR) and near-infrared (NIR) are the most 
common optical absorption spectroscopy used for glucose quantification, represented in 
Figure 11.190 Rosenthal et. al.191 proposed the use of NIR transmission spectroscopy within a 
wavelength region of 700-1300 nm via the fingertip.191-192 Danzer et. al.193 employed diffuse 
reflectance spectroscopy in a similar region showing that spectral peaks are difficult to 
analyze in this wavelength region due to low physiological concentrations.193 Low signal-to-
noise measurements are exhibited for glucose absorption for NIR analysis and are highly 
impacted by pH, temperature and scattering hindering response accountability. A very 
Material Applied potential  
(V) 
Sensitivity 
(µA·mM-1·cm-2) 
Detection limit 
(µM) 
Ref. 
CuO nanoflowers +0.5 2657 1.71 163 
NiO microfiber/FTO +0.5  1785 0.033 167 
Co3O4 NPs +0.59 521 0.00013 182 
Cu2O/GNs NC +0.6 0.285 3.3 183 
AuNi-Ni(OH)2 +0.16 707 1 184 
ZnO nanowires +0.8 10911 0.22 157 
NiO-Au nanobelt +0.6 48.35 1.32 149 
Nano NiO +0.7 66 0.16 185 
3D graphene/Co3O4 +0.58 3390 0.025 177 
Au/Co3O4 wire +0.26 12500 0.005 175 
Table 6 Comparison table of non-enzymatic metal oxide electrochemical glucose 
sensors 
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important downfall for NIR spectroscopy is from the similar spectral peaks of glucose to other 
common physiological sugars such as fructose and sucrose which can cause issues when 
employing this type of analysis.194 Polarimetry analysis of glucose is based off of optical rotary 
dispersion (ORD) which occurs when a chiral molecule in the aqueous state, will rotate the 
plane of linearly polarized light which passes through the analysed solution due to refraction 
indices differences.195 The advantages of using polarimetry for glucose sensing applications 
are its ability to use substantial path lengths in aqueous solutions and the ability for sensor 
miniaturization for the components needed. The main disadvantage for using polarimetry for 
non-invasive analysis is mainly contributed to the depolarization of the optical source due to 
skin tissue. Skin tissue easily scatters the signal producing a large loss in signal-noise ratio for 
the sensor.196 Coté et. al.188 (Figure 12A) showed the linearity of the phase change vs applied 
current coefficient allowing for the measurement of optical rotatory effects as a true phase 
shift. Raman spectroscopy exhibits specific bands which are highly dependent on 
concentration making the spectra simpler and quite weak. The main drawback of raman 
spectroscopy for glucose sensing is its scattering and reabsorption in the presence of 
biological tissues interfering with the raman shifts of physiological concentration ranges. Eye-
based sensing has become increasingly popular for this reason however the risk for the 
patient developing cancerous cells is a main drawback.197-198 Fluorescent techniques involve 
either a glucose-oxidase based sensor or an affinity-binding sensor.189 The GOx sensor 
generates an optically detected glucose signal where the oxidation of glucose and oxygen 
forms gluconolactone and hydrogen peroxide. Using this type of chemical reaction, a 
fluorophone can be incorporated to the reaction which is highly sensitive to present oxygen 
Figure 11 (left) MIR spectra showing absorption peak assignment for glucose and (right) NIR 
spectra for in-vitro adsorption of glucose (Reprinted with permission from Ref. 192). 
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concentrations allow for the quantification of glucose concentration as is exhibited 
quanititatively by Evans et. al.189 in Figure 12B. The main drawback for these forms of sensors 
is from the dependence on local oxygen tension as well as glucose, making the response 
system more complicated than straightforward sensing techniques.199-200 Raman 
spectroscopy exhibits higher spectral resolution and reduced interference with water 
compared to other optical forms of analysis; mainly IR and raman spectroscopy. Due to these 
drawbacks focus on surface-enhanced raman spectroscopy (SERS) is very promising for 
glucose sensing due to the intensified local electromagnetic field due to nanostructured 
surfaces enhancing the raman response by 106 – 108.201-202 Common SERS response for a 
nanostructured surface in the presence of glucose is shown by Lyandres et. al.187 in Figure 
12C. Transdermal sensing devices such as the fluorescence affinity nanospheres sensor 
formed by Ballerstadt et. al.203 (Figure 12D) have shown similar progress to optical sensors 
where a wearable device can be used by using reverse iontophoresis (removal of molecules 
from within the body for detection).However these types of sensors tend to suffer from 
Figure 12 (A) In-vitro glucose levels vs polarization rotation using the true test phase 
approach (Reprinted with permission from Ref. 190). (B) glucose induced quenching of the 
fluorescence of fibroblasts in culture (Reprinted with permission from Ref. 191). (C) SERS 
spectra of AgFON in the presence of glucose (Reprinted with permission from Ref. 189). (D) 
Schematic of a fluorescence affinity hollow fiber sensor used for transdermal glucose analysis 
(Reprinted with permission from Ref. 205). 
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severe pitfalls such as a long warm-up time, inaccuracy, skin irritation and excessive 
sweating.204 Photoelectrochemical (PEC) sensing techniques of glucose are steadily entering 
the realm of analysis as this technique incorporates the benefits of optical sensing and 
electrochemical sensing. A normal electrochemical set-up is used whilst being exposed to light 
with the sensing material typically being a semi-conducting material such as TiO2,205 ZnO,206 
SiO2207 and CuO.208  Zheng et. al.205 showed the effectiveness of TiO2 (Figure 13A and B) in the 
form of a nanocomposite with excellent glucose addition linearity for photocurrent vs time 
over a range of 1-8 mM. A Au nanoparticle photoelectrochemical sensor was presented by 
Cao et. al.207 (Figure 13 C and D) displaying a linear range between 1 µM and 1 mM with a 
very low detection limit of 0.46 µM. PEC sensing has attracted wide attention as it is cost-
effective, produced quick responses, are simple and easy to use.207  
2.10 Non-invasive glucose detection 
As the development of glucose biosensors becomes oversaturated with blood-glucose 
devices the push for non-invasive methods of glucose analysis are of much excitement. Not 
only would it be less irritating and painful for the person suffering from diabetes, but it allows 
Figure 13 (A) Schematic of TiO2/CdSe@CdS NC and (B) its corresponding photoelectrochemical 
analysis in the presence of glucose (Reprinted with permission from Ref. 207). (C) SEM image 
of ITO/PbS/SiO2/AuNPs electrode and (D) the corresponding photoelectrochemical analysis in 
the presence of glucose (Reprinted with permission from Ref. 209) 
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for continuous and repeated use due to less poisoning by common interfering biological 
species present. Possible methods of analysis would be through the detection of glucose 
through excreted biological fluids such as urine, saliva, sweat, tears or breath.209-210 Current 
non-invasive detection methods are most commonly optical-based sensors which suffer from 
insufficient sensitivities and selectiveness. These drawbacks have caused a push for the 
alteration and development of invasive electrochemical sensors (due to their high 
performance, portability, simplicity and low cost211) to develop electrochemical sensors which 
are tapered to be effective in a non-invasive form. Invasive methods have become a key 
problem as more neonatal, elderly and hemophobic patients have been diagnosed with 
diabetes making monitoring of their blood sugars an onerous task. A few key challenges for 
non-invasive electrochemical sensors occur which need to be addressed as research 
continues in this area including: obtaining sensor responses in low analyte concentrations, 
small sample volumes are used, mechanical resilience, biofouling and biocompatibility.212 
Current electrochemical non-invasive sensors need much improvement however many 
advances have been made. Modes of analysis have been varied and creative to create the 
best and most accurate form of detection. For Saliva analysis multiple wearable devices are 
beginning to be developed using already existing mouth-based accessories to make the 
useability more realistic for the wearer of the device. Graf et. al.213 formed a potentiometric 
denture using a glass membrane and Kim et. al.214 created a wearable mouthguard (Figure 
14A and B) based off of an amperometric enzymatic biosensor utilizing an immobilized lactate 
oxidase. Tear analysis has had much success using contact lenses with imbedded sensing 
materials, however due to the sensitive nature of the human eye, sample collection continues 
to be an issue. Yao et. al.215 developed an amperometric contact lens (Figure 14 C and D) 
which contained imbedded wireless electronics for data transmission. Their first generation 
contact lens sensor using a biofunctionalized PET-based contact lens with a glucose oxidase 
enzyme in a Ti sol-gel matrix which slowly developed to their secondary generation contact 
lens, which incorporated a dual sensor of activated and deactivated glucose oxidase which 
would minimize interfering species.215-217 Sweat-based electrochemical glucose sensors can 
be grouped into fabric/flexible plastic-type sensors or epidermal-type sensors. Textiles 
present a good base for a sensing material due to the large surface area which is in constant 
contact with the skin. Wool, nylon and cotton are highly attractive starting materials as they 
possess excellent capabilities for incorporating chemical sensors. Yang et. al.225 created an 
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amperometric sensor using screen printed bare carbon onto undergarments within a small 
range of 0-3mM with reasonable response.225 Epidermal sensors are slightly more attractive 
for sweat analysis as textile sensors restrict the analysis regions to very intimate regions. New 
work is being done using temporary tattoos predominantly consisting of carbon fibres. 
Amperometric and Potentiometric tattoos have been created using numerous activation 
elements including lactate oxidase,226 ammonium ionophore227 and sodium ionophore.228  
Non-invasive electrochemical sensors have gained much popularity as they high higher 
sensitivities and can monitor glucose concentrations over larger ranges compared to their 
optical predecessors. Electrochemical non-invasive devices are described in Table 7 
referencing the non-invasive fluid the device is used to detect. From the table the linear range 
for all the sensors is quite small however sweat sensors produce the largest linear ranges. 
Saliva-based sensors produced the greatest sensitivities with tear-based sensors having lower  
Figure 14 (A) Mouthguard biosensor used for saliva-based glucose sensing and (B) its 
corresponding chronoamperometric additions analysis in the presence of glucose (Reprinted 
with permission from Ref. 216). (B) Contact lens sensor pre-treated with GOD/titania/Nafion 
and (D) the corresponding amperometric additions analysis in the presence of glucose in tears 
(Reprinted with permission from Ref. 217) 
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detection limits. Electrochemical glucose sensor research has been varied throughout 
research however as the knowledge of different material types (metal/non-metal/enzyme) is 
studied the ongoing progression towards non-invasive glucose sensors continues to be 
studied. As the push towards non-invasive glucose sensing research continues the previous 
studies have aided others to combine knowledge from various studies to produce a highly 
effect, sensitive and selective glucose sensor and implement it into everyday use.  
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CHAPTER III: 
Au nanospikes as a non-
enzymatic glucose sensor: 
exploring morphological changes 
with the elaborated 
chronoamperometric method 
 
 
 
 
 
There is a continuous increasing demand for more sensitive and selective non-enzymatic 
glucose sensor applications ranging from medical diagnostics to food quality assurance. In this 
chapter, gold nanostructures (referred to as Au nanospikes) were deposited on Au thin-film 
substrates under different electrodeposition conditions in order to determine the optimal 
growth parameters to obtain an enhanced glucose sensor. A modified chronoamperometric 
technique was employed to determine the glucose electrooxidation and sensing capabilities 
of the developed Au nanospikes toward 20 µM – 10 mM glucose concentrations. The sensing 
method used here allowed for accurate determination of glucose concentrations whilst 
providing reproducible and stable response profiles. The sensor produced a low detection 
limit of 20 µM, a very high sensitivity of 201 µA·mM-1·cm-2 compared to 16.19 µA·mM-1·cm-2 
for the unmodified Au substrate. The sensor also showed good selectivity when analysed 
against common physiological contaminants that usually interfere with conventional sensors. 
 
DOI: 10.1002/elan.201600138
Au Nanospikes as a Non-enzymatic Glucose Sensor:
Exploring Morphological Changes with the Elaborated
Chronoamperometric Method
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1 Introduction
Over the past decade diabetes has become a keen re-
search area for scientists as 387 million people around the
world suffer from the condition [1]. As the number of
people living with diabetes continues to grow; estimated
to reach 592 million by 2035, the need for more accurate
glucose sensors with fast response times are becoming in-
creasingly important [1, 2]. Along with increased glucose
levels and insulin deficiency [3, 4], more severe health
risks associated with diabetes include increased risk of
heart attack and stroke, damaged blood vessels in the
retina resulting in blindness, renal failure and in special-
ized cases lower-limb amputation where 60% of all am-
putation cases are due to patients having diabetes [5].
Since Clark and Lyons [6] reported the first ampero-
metric enzyme-based glucose sensor in 1962, glucose
sensing has become one of the key fields of interest in
materials science research. Enzyme-based glucose sensors
pose quite a few issues as they have insufficient stability,
low reproducibility and are limited by the requirement of
an oxygen source [7]. These limitations [8] have turned
the focus to creating non-enzyme based sensors as they
do not suffer from these downfalls, as well as omitting the
temperature control requirements associated with enzyme
based sensors. Non-enzymatic glucose sensors require
high overpotentials for glucose oxidation to occur which
makes them less selective when other common biomole-
cules are present [8]. To overcome this issue, researchers
are focusing on developing novel materials that function
at low on-set potentials [9], show high sensitivities and
have good selectivity among common biomolecules that
interfere with conventional glucose sensors.
Noble metal based nanosensors (eg. Pt [10–12], Au
[13–15], Ni [16,17], Cu [18,19] and Ag [20]) have shown
great potential as non-enzymatic based glucose sensors.
Among these noble metals, gold (Au) has shown particu-
lar promise due to its excellent biocompatibility, stability
in the presence of physiological contaminants and high
activity in neutral and alkali electrolytes with modified
surfaces displaying enhanced functionality upon these
benefits [21,22]. Furthermore relatively low positive po-
tentials than other noble metals are required for the com-
mencement of glucose electrooxidation on gold surfaces,
thus developing Au nanostructures is an attractive
method to obtaining enhanced glucose sensing [21]. Au
nanostructure based sensors have shown more promising
sensing efficiencies [23,24] compared to their bulk coun-
terparts, due to the relatively increased surface-volume
ratio of the nanostructures and the ability to control the
shape, size and sensing active site density during the syn-
thesis procedure [25]. A common issue when producing
non-enzymatic sensing structures is the lack in consistent
structure formation over the entirety of the electrodes
surface. Au nanostructures are well researched with nu-
merous methods reported [24,26] in developing uniform
structure over the entire surface. Furthermore, Au nano-
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structures are considered very good catalysts for enzyme-
free glucose sensing [27–29] due to their large electro-
chemical surface areas and varied morphologies as they
have already shown to reduce the onset potential for glu-
cose electro-oxidation and be highly active substrates for
other applications. Recently Au nanostructures that have
been deposited directly on thin-film substrates have
shown good performance in applications such as electro-
chemical catalysis, gas sensing and SERS based biosens-
ing [30–32]. Generally the activity of the Au nanostruc-
tures are reported to be highly dependent on their size,
surface morphology and surface defect density which can
all be varied according to the final application during the
synthesis procedure.
In this paper we investigate the above mentioned pa-
rameters when depositing Au nanostructures (referred to
as Au-nanospikes) on their glucose sensing performance
relative to a control Au thin-film deposited on a silicon
substrate. The glucose sensing technique generally used in
literature is based on continuously monitoring the step-
wise current increase following each glucose addition step
[33,34]. Although a well-accepted method, the response
time of the sensor is restricted to their stabilization times
providing one reading per concentration and in most
cases following long waiting periods of several minutes.
The chronoamperometric stabilization procedure used in
this study allows for stable responses to be reached fol-
lowing each glucose addition with the advantage of ob-
taining multiple confirmation readings during the stabili-
zation procedure at various times (1–300 seconds). The
results showed that the developed Au nanostructured
substrates can be a promising alternative for non-enzy-
matic glucose sensing applications.
2 Experimental Section
2.1 Chemicals
All chemicals used in this work were purchased from
Sigma-Aldrich and used as received. The solutions were
prepared using ultra-pure (Milli-Q) water. The electrolyte
solution for the electrodeposition [35, 36] of Au nano-
spikes consisted of tetrachloroaurate (III) tri-hydrate
(HAuCl4 · 3H2O) and lead (II) acetate tri-hydrate
(Pb(CH3CO2)2 · 3H2O). The electrolyte for the chronoam-
perometric detection of glucose consisted of potassium
hydroxide (KOH) and D-(+)-Glucose (C6H12O6).
2.2 Fabrication of Au Nanospike Substrates
The Au thin-film substrates were prepared by e-beam
evaporation (Balzer-BAK600) of a 10 nm Ti adhesion
layer followed by 100 nm Au on the top side of a silicon
wafer. The wafer was diced to individual rectangular di-
mensions of 8 mm18 mm. Each substrate was then cov-
ered with kapton tape revealing an uncovered circular Au
surface (ø=5.5 mm) of the substrate. The electrodeposi-
tion experiments were performed on the revealed area
using a CH instruments (CHI760C) electrochemical ana-
lyser in an electrochemical cell that allowed reproducible
positionings of the working (Au substrate), auxiliary
(graphite rod) and reference (Ag/AgCl 3 M KCl) electro-
des while enabling the implementation of a nitrogen gas
inlet tube. The deposition electrolyte solution contained
hydrogen tetrachloroaurate (III) tri-hydrate (HAuCl4)
and lead (II) acetate tri-hydrate (Pb(CH3CO2)2). The dep-
osition potential was kept constant at 0.05 V (based on
cyclic voltammetry (CV) of the electrolyte) throughout
the deposition periods used. To determine the optimal
conditions of the Au nanospikes growth for the imple-
mentation of a non-enzymatic glucose sensor the effects
of synthesis variables (i.e. HAuCl4 and Pb(CH3CO2)2 con-
centrations as well as electrodeposition time) on their
sensitivity toward glucose were thoroughly investigated.
For each electrodeposition process, a new Au substrate
was employed. Each substrate was thoroughly washed
with MilliQ water and dried using N2 gas following the
electrodeposition process. The synthesis condition varia-
bles are listed in Supporting Information, Table S1.
2.3 Characterisation
Scanning Electron Microscopy (SEM) analysis was per-
formed using a Verios-SEM instrument operated at an ac-
celerating voltage of 5 kV and a beam current of 50 pA.
X-Ray Diffraction (XRD) measurements were performed
using a Bruker D8 Discover micro diffraction system with
general area diffraction detector system (GADDS) oper-
ating at a voltage of 40 kV and a current of 40 mA em-
ploying Cu Ka radiation. The electrochemical measure-
ments were also performed with a CH instruments
(CHI760C) electrochemical analyser using a three-elec-
trode cell set-up, implementing the electrodeposited Au
nanospike substrates as the working electrodes, a Pt foil
as the auxiliary electrode and an Ag/AgCl electrode as
the reference electrode. Nitrogen gas was bubbled
through each electrolyte solution for 10 minutes before
each experiment. The electrochemical surface area
(ECSA) of each substrate was determined by first obtain-
ing their CV at a sweep rate of 100 mVs1 in a 1 M
H2SO4 solution [37,38].
2.4 Glucose Sensing
To determine the Au nanospikes growth conditions that
produced optimal glucose sensing performance, CV analy-
sis was performed on each substrate electrode in a solu-
tion containing 0.5 M KOH with/without 10 mM glucose
while operating at a constant sweep rate of 20 mVs1.
Amperometric responses of the Au nanospikes substrate
for glucose sensing were recorded using steady-state con-
ditions at a potential of 0.26 V (versus Ag/AgCl), imple-
menting glucose addition concentrations ranging between
20 mM and 10 mM within the biological range of glucose
presence which is between 3 and 8 mM. After each addi-
tion a 300 s amperometric response curve was obtained to
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ensure steady response profiles were achieved for each
addition step.
3 Results and Discussion
3.1 Characterization of Au Nanospikes Nanostructures
3.1.1 Effect of HAuCl4 Concentration
The effect of a gold precursor control on the growth of
Au nanospikes was investigated considering four different
concentrations: 3.4, 6.8, 13.6 and 27.2 mM as listed in
Table S1 (Samples: Au_Spikes_1–4). The concentration of
the Pb(CH3CO2)2 and the deposition time were fixed at
1 mM and 12 mins, respectively.
The deposition time of 12 mins was chosen in order for
the Au nanospikes to develop to a mature enough size
and shape so as to easily compared and determine the
effect each deposition parameter have on their morpholo-
gy. The large size nanospikes are also favoured for
accurately analysing the glucose sensing capabilities
during chronoamperometric experiments. The initial
Pb(CH3CO2)2 concentration of 1 mM was chosen to
ensure the concentration was lower than gold yet consid-
erable enough to act as a directional growth agent. SEM
analysis was performed on each of the substrates to ob-
serve any visible morphology changes between the differ-
ent concentrations of the HAuCl4. Figure 1a shows the
growth of Au nanospikes at a Au concentration of
3.4 mM. It can be observed that the small amount of
Au3+ ions in the solution have not allowed for mature
nanospike growth. The SEM images shown in Figure 1a–
d demonstrate that by increasing the concentration of
HAuCl4, the length and base thickness of the Au nano-
spikes is increased. The higher magnification SEM images
(see Supporting Information, Figure S1) showed that Au
nanospikes can be formed evenly throughout the sub-
strate area with all gold concentrations tested. It can also
be observed that the dimensions (length  base thickness)
are changed from 200 nm80 nm for Au_spikes_1, to
1.52 mm560 nm for Au_spikes_4. The cyclic voltammo-
grams (CVs) used for the electrochemical surface area
(ECSA) measurements of a flat Au thin film and Au_
Spikes_1–4 are shown in Figure 2a. In Figure 2b the re-
duction peaks from the CVs are shown. These peaks were
integrated to determine the charge and therefore surface
area for each of the developed Au nanospikes based sub-
strates as well as the plain Au-substrate. (It should be
noted that the geometric surface area of each substrate
was 0.238 cm2). The ECSA of the electrodes are calculat-
ed based on previous studies [36] where the integral of
the reduction peak formed during CV in H2SO4. This in-
tegral is used to determine the area of the peak which is
equivalent to the overall charge. Using the reported
charge for an Au oxide monolayer (386 mCcm2) [39] the
electrochemical surface area is calculated (ECSA
(cm2)= [QCVcurve]/[Qreported]). For all the Au nanospike
substrates formed the overall surface areas were higher
when compared to the plain Au-substrate. Interestingly,
among all the HAuCl4 concentrations tested, Au_Spikes_
1 and Au_Spikes_4 gave the lowest surface areas of
2.92 cm2 and 3.7 cm2, respectively. The Au_Spikes_2 and
Au_Spikes_3 showed the highest surface areas of 3.94 cm2
Fig. 1. SEM images of developed Au nanospikes grown with
1 mM Pb(CH3CO2)2 and (a) 3.4 mM (b) 6.8 mM (c) 13.6 mM and
(d) 27.2 mM HAuCl4 deposited for a period of 12 mins.
Fig. 2. (a) Electrochemical surface area (ECSA) analysis of Au nanospikes with varying HAuCl4 concentrations and (b) 0.75–1.15 V
peak analysis curves for Au nanoparticles grown with different Au concentrations in the electrolyte.
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and 3.81 cm2, respectively which are above 13.5 times the
surface area of the Au substrate.
3.1.2 Effect of Pb(CH3CO2)2 Concentration
For one dimensional growth of nanostructures, direction
growth agents [31] have a significant role in controlling
their formation, alignment and coverage on the substrate.
As the role of Pb(CH3CO2)2 is a direction growth agent,
the concentration of this compound can drastically
change the morphology of the formed Au nanospikes. In
order to investigate the effect of Pb(CH3CO2)2 as a direc-
tional growth agent in Au nanospike formation, concen-
trations of 0.25, 0.5, 1 and 2 mM were tested. SEM analy-
sis of the Au nanospikes formed using different
Pb(CH3CO2)2 concentrations clearly show changes in the
morphology of the Au nanospikes (Figure 3). For
0.25 mM (Au_spikes_5) and 0.5 mM (Au_spikes_6) the
Au nanospikes appear sharper and slightly longer, howev-
er the coverage of the nanospikes is not as cohesive as
1 mM (Au_spikes_3) and 2 mM (Au_spikes_7) samples.
The low magnification SEM images (Figure S2a,c,e,g) of
each sample shows cohesive coverage over the whole sub-
strate, with the higher concentrations of Pb(CH3CO2)2
showing a more seamless coverage over the surface. In
addition, high magnification SEM images (Fig-
ure S2b,d, f,h) showed that Au nanospikes with different
morphologies were formed for both 0.25 and 0.5 mM
Pb(CH3CO2)2 concentrations. The 0.5 mM was found to
produce larger, well defined nanospikes when compared
to the 0.25 mM Pb(CH3CO2)2 concentration. On the
other hand, for the larger concentrations of 1 mM and
2 mM, uniform growths of well-defined Au nanospikes
are observed along the entire surface. From the ECSA
analysis (see Figure S3) the Au nanospike samples had an
average ECSA of 3.5 cm2. Interestingly, the Au_spikes_3
and Au_spikes_6 samples were found to have an almost
identical ECSA of 3.8 cm2. The on-set potential of the re-
duction peak for Au_spikes_3 is further to the right com-
pared to other samples, indicating the formation of more
active sites on the surface. Similarly electrochemical sur-
face areas of 3.82, 3.39, 3.73 and 3.09 cm2 for Au_spikes_
3,6,7 and 8 were observed respectively, where Au-spikes_
3 showed an increase in surface area of 16.1 times to that
of the plain thin-film Au substrates geometrical surface
area (0.281 cm2).
3.1.3 Effect of Electrodeposition Time
To study the morphological changes that occur when
changing the electrodeposition times, Au nanospikes were
grown for 6, 12, 24, 36 and 48 mins before being analysed
under SEM (Figure 4). In Figure 4a the plain Au thin-film
substrate on which the Au nanospikes were grown, is
shown. It can be seen that the substrate is made up of
small grains (size ~50–200 nm width), most of which may
act as the seeds for nanospike structures growth. Fig-
ure 4b displays the initial Au nanostructures that have
been formed following 6 minutes of electrodeposition
(also see Figures S4a and S4b). The images indicate that
the time needed for Au nanospikes to be formed must be
greater than 6 minutes when employing a HAuCl4 con-
centration of 13.6 mM and a Pb(CH3CO2)2 concentration
of 1 mM. Therefore the Au_spikes_8 sample was rejected
for further characterization studies due to a lack of suffi-
cient growth of the nanospike structures. Increasing the
electrodeposition time to 12 or 24 minutes produces uni-
form nanospikes across the surface as shown in Figures 4c
and 4d (high magnification), respectively. The SEM
images demonstrating the surface coverage (low magnifi-
cation) as well as the finer surface details are shown in
Figure S5c to S5f. A further increase in the electrodeposi-
tion time to 36 mins and 48 mins (see Figure 4e and 4f,
respectively) produces a build-up of much larger Au
nanospikes being formed on top of smaller nanospike-
Fig. 3. SEM images of Au nanospikes synthesized with 13.6 mM
HAuCl4 and electrodeposition time of 12 mins with (a) 0.25 mM
(b) 0.5 mM (c) 1 mM and (d) 2 mM Pb(CH3CO2)2.
Fig. 4. SEM images of Au nanospikes with 13.6 mM HAuCl4
and 1 mM Pb(CH3CO2)2 for (a) plain Au substrate with no modi-
fication (b) 6 mins (c) 12 mins (d) 24 mins (e) 36 mins and (f)
48 mins .
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like structures deposited across the surface. The SEM
images containing the finer surface details and coverage
of the formed nanostructures are shown in Figure S5g to
S5j. The images clearly demonstrate the growth of
uneven nanospike growth across the surface, with both
the larger and smaller nanospikes growing in arbitrary
positions over the exposed surface. It can be observed
that the shape of the nanostructures formed are no longer
nanospike-like in shape, but are in fact overgrown nano-
structures which have multiple peak-like points (see Fig-
ure S5h and S5j). Due to the inconsistent growth pattern
at larger deposition times these substrates were deemed
unviable surfaces for glucose sensing. The CV analysis to
determine ECSA for different electrodeposition times are
shown in Figure S4. It was found that the larger the elec-
trodeposition time, the more active the Au nanospikes
formed given that the on-set potential in the reduction
peaks are shifted further to the right with increasing elec-
trodeposition times (see Figure S4b). For electrodeposi-
tion times of 12, 24, 36 and 48 mins, the ECSAs were cal-
culated to be 3.82, 3.93, 4.71 and 6.78 cm2, respectively.
The overgrowth observed in samples Au_spikes_10 and
Au_spikes_11 is thought to be responsible for their dras-
tic increase in their surface area. A summary of the sub-
strates ECSAs are shown in Figure S7. It can be ob-
served that the Au_spikes_10 and 11 have the highest
ECSAs among all synthesized samples.
3.1.4 Effect of Electrodeposition Potential
To study the effect of electrodeposition potential on the
growth of Au nanospikes, electrodepositions were per-
formed at 0.1, 0.05, 0.3 and 0.6 V and the resulting mor-
phologies were analysed under SEM (Figure 5). Figure 5a
(and Figure S6a and S6b) shows the low potential sample
Au_spikes_12 forming small star-shaped nanostructures
with varying sizes across the surface of the substrate. In-
creasing the on-set potential to 0.05 V (Au_spikes_3) al-
lowed for the salt in the electrolyte solution to interact
and form the Au nanospike structures (Figure 5b and Fig-
ure S6c and S6d). Further increase in on-set potential to
0.3 V for Au_spikes_13 (Figure 5c and Figure S6e and f)
displayed little-to-no structure growth across the surface
of the substrate and 0.6 V for Au_spikes_14 (Figure 5d
and Figure S6g and h) exhibited very little Au structures
forming on the surface with the low magnification images
(Figure S6g) continuing that surface coherency has not
been achieved. As the on-set potentials of 0.1, 0.3 and
0.6 V did not form consistent nanospike-type structures,
samples Au_spikes_12, 13 and 14, were rejected from any
further characterization and analysis.
The purity of the Au nanospikes was confirmed by uti-
lizing EDX and XRD characterisation techniques. The
EDX spectral analysis of Au_spikes_3 (see Figure S8)
showed 2 major peaks at ~2.2 keV and ~9.7 keV which
can be assigned to pure Au peaks [43]. The sharp peak at
~1.7 keV was assigned to silicon given that silicon sub-
strates were used for the synthesis of all surfaces in this
study. No Pb2+ peaks were observed in the EDX spectra
indicating that Pb(CH3CO2)2 only functioned as the direc-
tional growth agent and was not electrodeposited as part
of the gold nanostructures formed. The XRD (see Fig-
ure S9) analysis confirmed the purity of the Au nano-
structures with each spectral peak successfully being as-
signed to pure gold. There were no peaks present which
could be assigned to Pb(CH3CO2)2 or lead related crys-
tals, which was expected given that the samples were
thoroughly cleaned post-deposition. Overall, XRD analy-
sis showed that a crystalline-form of gold had been depos-
ited on the Au thin-film substrates and each peak can be
assigned to a gold component found in a face-centred-
cubic arrangement [24].
3.2 Electrochemical Glucose Sensing
3.2.1 Cyclic Voltammetric Studies
The process of glucose electrooxidation on a gold surface
involves the chemisorption of dehydrogenated intermedi-
ates followed by their electrocatalytic oxidation once Au
hydroxides are formed at certain potentials [21,41]. How-
ever unlike acidic solutions, gold hydroxide formation
readily occurs in alkaline medium through the chemisorp-
tion of OH ions on the Au surface [42,43] by Au+
OH!AuOH(1l)+le . As KOH is a strong base, it
allows for unimpeded OH reactions between the Au
surface and deprotonated glucose molecules. For this
reason the sensor performance was tested in an alkaline
(0.5 M KOH) solution.
To investigate the electrocatalytic activities of the de-
veloped nanospikes, the samples were analysed using CV
analysis in a solution of 0.5 M KOH and 10 mM glucose,
the data of which is shown in Figure 6a–c. The glucose
sensing performances of each substrate were ranked ac-
cording to the magnitude of their peak heights which
appear at 0.13 V in the forward scan of the CV profile.
The potential of 0.13 V was chosen as the analysis of the
CVs indicated that glucose oxidation (sensing mecha-
nism) is most predominant at this potential. CV analysis
comparing Au nanospikes and an unmodified Au sub-
Fig. 5. SEM images of Au nanospikes with 13.6 mM HAuCl4
and 1 mM Pb(CH3CO2)2 for 12 mins run at (a) 0.1 V (b) 0.05 V
(c) 0.3 V and (d) 0.6 V.
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strate in a solution with and without 10 mM glucose is
shown in Figure S10. The exact electrooxidation mecha-
nism during glucose sensing is not well understood al-
though some studies [44, 45] report gold oxides inhibit
direct glucose electrooxidation where others [22,46]
report that these inhibiting species in fact promote the re-
action. It is generally accepted that the first current peak
observed during the forward scan in the CV is most likely
due to glucose undergoing electrosorption on the gold
surface to form adsorbed intermediates, with each glucose
molecule releasing one proton. As the intermediates ac-
cumulate on the active sites of the nanomaterials, they in-
hibit glucose oxidation to occur directly at the gold sur-
face [37]. As the potential is increased to more positive
values toward 0.13 V, hydroxide ions are partially dis-
charged at the Au surface, which can catalyse the oxida-
tion of the accumulated intermediates thus freeing up the
active sites for glucose oxidation to occur directly on the
Au surface. This decrease in current observed beyond the
0.13 V peak is postulated in most studies to be due to
gold oxide formation [47]. The large sharp peak in the re-
verse scan at ~0.1 V can therefore be attributed to the re-
duction of the surface Au oxide thus making available the
active sites for the direct electrooxidation of glucose to
occur [47]. As the potential is scanned toward a more
negative potential, the accumulation of intermediates on
the electrode surface occur once again and the cycle con-
tinues. When a CV of the Au substrate was performed in
10 mM glucose, it produced a peak maximum of only
0.21 mA at 0.13 V. For every modified substrate, a rela-
tively increased glucose sensing performance was evident
due to their higher peak current maximums at 0.13 V
when compared to the control substrate. Therefore, the
optimal growth conditions of the Au nanospikes for glu-
cose sensing were based on their CV analysis (shown in
Figure 6a–c) and their peak at 0.13 V in the forward CV
scan.
As previously discussed in section 3.1, the concentration
of HAuCl4 controls the aspect ratio of the nanospikes. Al-
though Au_spikes_4 has the largest surface area among
the Au concentrations, the CV analysis in 10 mM glucose
solution showed a lower peak current than Au_spikes 2
and 3 (see Figure 6a). On the other hand the sample with
the smallest HAuCl4 concentration of 3.4 mM (Au_
spikes_1), showed the lowest amount of glucose electro-
oxidation on the gold surface with a maximum peak of
0.9 mA. Figure 6b illustrates the effect of Pb(CH3CO2)2
concentration during nanospike formation on the electro-
oxidation of glucose. It can be observed that Au_spikes_5
and Au_spikes_6 have relatively lower glucose oxidation
performance than Au_spikes_3, presumably due to the
lack in cohesive coverage. Although the glucose oxidation
performance of Au_spikes_5–7 was better than that of
the Au substrate, their lack of surface coherency during
Fig. 6. CV analysis with a scan rate of 20 mVs1 in 0.5 M KOH and 10 mM glucose comparing Au_substrate against the developed
Au nanospike substrates. The panels refer to changes in (a) HAuCl4 concentration, (b) Pb(CH3CO2)2 concentration and (c) electrode-
position time. (d) shows CV analysis of 10 mM glucose with different scan rates of 10, 20, 50, 100 and 200 mVs1 for Au_Spikes_3.
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deposition procedure resulted in the Au_spikes_3 (with
1 mM Pb) having the highest glucose oxidation peak (i.e.
1.25 mA which is 6 times the plain Au thin-film sub-
strate). This is attributed to its cohesive and seamless
nanospike deposition over the entirety of the deposited
surface. In Figure 6c it can clearly be observed that the
low electrodeposition time of 12 minutes produced the
highest glucose oxidation peak and therefore glucose
electrooxidation performance. As was shown earlier the
ECSAs of the deposited nanospikes drastically increased
increases with increasing deposition time. Although sen-
sors developed in the past [18, 24] show a correlation be-
tween increased ECSA and enhancement of glucose sens-
ing performance, in the case of nanospikes, the ECSA did
not accurately reflect the glucose sensing performance of
the substrate and thereby was ruled out as a distinguishing
parameter for improving glucose sensing performance.
Overall the optimal Au nanospike growth conditions
needed to grow an Au nanospike substrate with high ac-
tivity toward non-enzymatic glucose sensing are: 13.6 mM
HAuCl4, 1 mM Pb(CH3CO2)2 and 12 mins electrodeposi-
tion time, hence Au_Spike_3. Therefore all further ex-
periments involving glucose sensing were performed
using Au_spikes_3 sample.
From Figure 6d it can be observed that the electrocata-
lytic behaviour of Au nanospike substrates relies heavily
on the scan rate. Slower scan rates (10 and 20 mVs1)
produce much more electrooxidation of glucose as evi-
denced by the sharp and thin oxidation peaks in both the
forward and reverse scans. The peak maximum at 0.13 V
increases at faster scan rates as does the broadness of the
peak. This phenomenon is known to reflect a surface-con-
trolled electrochemical process [24]. In the reverse scan
of the larger sweep rates (>50 mVs1) the reduction
peak formed is relatively more apparent and is due to the
re-activation of the Au surface for direct electrooxidation
of glucose [45,48].
3.2.2 Amperometric Glucose Detection
Currently a successive addition method is predominantly
employed for glucose sensing [49–51,58–60]. The method
involves applying a constant potential (or current depend-
ing on the method) and reading off the current (or poten-
tial) change after each successive addition of glucose con-
centration. The disadvantage however is that the direct
electrooxidation reaction of glucose is diffusion limited.
Therefore any successive addition causes large sharp
peaks in the I/V vs t profile immediately after injection,
thereby drastically decreasing the final response magni-
tude and therefore sensitivity. These abrupt changes in
the current output prior to the stabilization can also pro-
duce inconsistent results. The method employed in this
study produces high current output following glucose ad-
dition before reducing to a constant value. Although the
current stabilization is also a result of the diffusion limit-
ed process of glucose electrooxidation, the initial current
outputs can actually be analysed and used to accurately
determine glucose concentrations with a very fast re-
sponse time [34,51]. The main advantage of using this
method over concurrent methods is the ability to repeat
runs due to irregularities in the system and the ability to
observe different current responses at numerous times
along the stabilization period. To determine the optimal
potential for the most sensitive and selective glucose sens-
ing material, a thorough comparison of various testing
potentials was performed using the chronoamperometry
method. Each potential was chosen based on the impor-
tant regions in the CVs shown in Figure 6 where a rele-
vant peak of interest was observed. In the forward oxida-
tion sweep it was observed that the glucose electrooxida-
tion begins at 0.13 V and the peak maximum occurred
at 0.13 V. The glucose electrooxidation current begins to
deplete to half its value at the potential of ~0.26 V and
completely depletes at ~0.39 V. Each of these mentioned
potentials were tested (data presented in Figure 7a) with
chronoamperometric additions experiments using
a 10 mM glucose solution and a stabilization period of
300 s. It can be observed that the two most sensitive po-
tentials were 0.13 V and 0.26 V with the latter producing
a slightly lower response magnitude toward glucose. Se-
lectivity analysis in the presence of physiological contami-
nants, were then performed at the two potentials with the
highest sensitivities in order to determine the best poten-
tial for enhanced sensing performance (sensitivity and se-
lectivity in Figure S11). It is found that although 0.13 V
produces higher response magnitudes, a better selectivity
is achieved at the working potential of 0.26 V as opposed
to 0.13 V when tested against sucrose, fructose, acetic
acid (AA) and uric acid (UA) which is further discussed
later in the article. Although there was a trade-off be-
tween the selectivity and sensitivity performance when
choosing the working potential, the small loss in sensitivi-
ty was outweighed by the better selectivity performance
of the sensor toward glucose at 0.26 V. The Au nanospike
sensor (Au_spikes_3) was then used to undergo succes-
sive glucose additions using the elaborated chronoam-
perometric method [34] at the working potential of
0.26 V. The method results in obtaining multi-current-
time curves for the glucose concentrations ranging be-
tween 20 mM and 10 mM as shown in Figure 7b. Following
each addition, an increase in amperometric response was
observed where such increase was more dramatic for the
higher concentrations relevant to the physiological glu-
cose levels. Figure 7c shows the comparison in current
output for each glucose addition (calibration curves) for
both the Au spikes and unmodified Au substrate. The cur-
rent output experienced by the Au nanospikes is clearly
superior with a very large enhancement in sensitivity and
the calibration curves having an average R2 value of
0.992 compared to R2 value for the unmodified substrate
of 0.857. The change in R2 values shows the additions for
Au spikes have a steadily linear increase in amperometric
response, compared to the Au substrate which exhibited
much lower amperometric responses and non-linearity
for many of the additions. This comparison clearly em-
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phasises the improved sensing capabilities of Au nano-
spikes compared to a flat Au surface used as the control
sample. Furthermore, the highest current responses were
observed from the lowest stabilization times (or response
times used), with the 1s stabilization period producing the
highest current output for each glucose concentration
tested. As the stabilization time is increased, a steady and
constant current output is produced for each glucose con-
centration where >50 s show a smaller, yet constant re-
sponse magnitude. This method therefore allows for the
response magnitude obtained from lower response times
(i.e. 1 s) to be confirmed by those of longer response
times (i.e. 50 s). The calculated current density of Au
nanospikes for each glucose concentration at different
stabilization times are presented in Figure S12a and
the graphs were used to estimate the sensitivity of the de-
veloped Au nanospikes towards glucose. At 1s the sensi-
tivity was estimated at 201 mAmM1 · cm2. This is
12.4 times higher than the control Au substrate
(16.2 mAmM1 · cm2). As the chronoamperometric stabi-
lization time increased the sensitivity of the sensor dra-
matically decreased however producing a better stability
and reliability of the current output. At 10 s the sensitivi-
ty was less than halved at 91.8 mAmM1 · cm2 while at
50 s a sensitivity of 48.8 mAmM1 · cm2 was calculated, al-
though still quite impressive. The calibration curves pro-
duced from the stabilization periods ranging from 50 to
300 s can be better observed in Figure S12b. Interestingly
at 100 s the sensitivity dropped by only a small margin to
40.9 mAmM1 cm2 relative to the 50 s stabilization time.
The same trend continued for both 200 s and 300 s where
the sensitivities were calculated to be 35.2 mAmM1 · cm2
and 32 mAmM1 · cm2 respectively. The lowest glucose
concentration tested (20 mM) is shown in Figure S13
showing a good dynamic range between the preceding
and proceeding concentrations. A comparison of the sens-
ing performance comparing Au nanospikes and existing
literature is listed in Table 1. It can be seen that the Au
nanospikes have a far more superior sensitivity when
compared to other pure Au based nanostructures in the
presence of glucose. A much high detection limit is
quoted for the Au nanospikes, however is well below the
necessary human biological range of 3–8 mM. In compari-
son to Au surfaces with additional components (Co3O4 or
Ti) the detection limits compared to the pure Au nano-
spikes are much lower and should be further investigated.
The selectivity performance of Au nanospikes, in the
presence of physiological contaminants is shown in Fig-
ure 7d. An aqueous solution of 0.5 M KOH [61–63] was
used as the electrolyte solution, followed by the addition
of 10 mM glucose. Thereon, successive additions of con-
taminants including 0.1 mM sucrose, lactose, fructose, AA
and 0.02 mM UA followed. These contaminants have
been selected as they can interfere with the conventional
Fig. 7. (a) Bar graph analysis comparing sensitivity of different potentials in 10 mM glucose, amperometric response curves of (b)
successive glucose additions (0 mM–10 mM), (c) Comparative calibration curves between the Au spikes and Au substrate additions
and (d) Successive additions of 0.1 mM contaminants with inset showing the range of analysis times; 200–250 s of contaminants.
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electrochemical glucose sensors. As our applied potential
is 0.26 V and the fact that the developed nanospikes were
synthesised for optimal glucose sensing performance, the
interference of the common biological contaminants is
greatly reduced relative to higher positive potentials,
showing great selectivity towards glucose. Sucrose, lactose
and fructose showed very small change in current
(0.01 mA) indicating that the Au nanospikes are unaffect-
ed by biological sugars. Ascorbic acid showed minor
change in the current response, increasing by only
0.01 mA indicating it does not significantly interfere with
the sensor. Similar to other studies using Au based surfa-
ces [24] UA showed a decrease in current output, which
can be explained by the interfering capping of Au active
surface sites on the Au nanospikes surface, reducing the
sensors ability to effectively undergo direct electrooxida-
tion of glucose [24]. This phenomenon only causes mini-
mal interference and does not impede the sensors ability
to detect physiological glucose levels given that the mon-
olayer capping formation can only occur as a singular
event and the related current change is relatively small as
evidenced from the CV profiles obtained from a 10 mM
glucose solution. The sensing capabilities (sensitivity and
selectivity) in the presence of UA could be improved
with the introduction of an additional metal forming an
Au nanospike alloy [14,64–66] or introducing secondary
oxide components such as Co3O4 or ZnO [56,67,68].
8 successive repeat chronoamperometric runs were per-
formed in 10 mM glucose solution to determine the effect
in current response for reproducibility analysis (Fig-
ure S14). From the figure we can see a good level of
signal reproducibility across all 8 runs. The CoV (coeffi-
cient of variance) was calculated using equations (1) and
(2), respectively [69], where DfI is the final current re-
sponse for each run.
DfIðavg:Þ ¼
P
D fI
n
ð1Þ
s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPð DfI  DfI avg:ð Þ Þ2
n 1
r
ð2Þ
The calculated CoV for Au_spikes_3 in 10 mM glucose
was calculated to be 7.2% which is equivalent to 93%.
Overall the sensitivity, selectivity and repeatability data
presented indicates that among the Au nanospikes devel-
oped, Au_spikes_3 has the best glucose performance in
terms of both sensitivity and selectivity and shows excel-
lent sensitivity when in the presence of glucose
4 Conclusions
In this study we have developed Au nanostructures (re-
ferred to as nanospikes) for enhanced electrochemical
based non-enzymatic glucose sensing applications. Au
nanospikes with different morphologies were fabricated
and tested for their glucose sensing performances. The ef-
fects of HAuCl4 and directional growth agent concentra-
tion as well as electrodeposition time on the glucose sens-
ing performance of Au nanospikes were investigated and
optimal conditions were determined. The study shows
that the resultant morphology of the Au nanospikes di-
rectly affected the sensing capabilities of the sensor with
thinner, sharper nanospikes being more sensitive towards
glucose. The optimal Au nanospike glucose sensor was
electrodeposited with 13.6 mM of HAuCl4 as gold source,
1 mM of Pb(CH3CO2)2 as directional growth agent and
an electrodeposition period of 12 mins (Au_spikes_3).
From amperometric analysis the sensitivity of this
sensor was determined to be 201 mAmM1 · cm2
(12.4 mAmM1 · cm2 higher than the control Au sub-
strate) after 1s of stabilization time when a 0.26 V poten-
tial was applied. The limit of detection (lowest concentra-
tion actually tested) was determined to be 20 mM with
minimal cross-sensitivity and functionality loss when
tested against physiological contaminants such as UA,
AA and various sugars at levels found in the body. The
results suggest that Au nanospikes are promising sub-
strates for non-enzymatic glucose sensing applications as
they are highly reproducible and show great sensitivity to-
wards glucose.
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Table. S1 Synthesis variables for Au nanospike substrates used for glucose sensing 
experiments 
 
Sample 
Name 
HAuCl4 
concentration 
(mM) 
Pb(CH3CO2)2 
concentration 
(mM) 
Time 
(min) 
On-set 
potential 
(V) 
Au substrate 0 0 0 0.05 
Au_spikes_1 3.4 1 12 0.05 
Au_spikes_2 6.8 1 12 0.05 
Au_spikes_3 13.6 1 12 0.05 
Au_spikes_4 27.2 1 12 0.05 
Au_spikes_5 13.6 0.25 12 0.05 
Au_spikes_6 13.6 0.5 12 0.05 
Au_spikes_7 13.6 2 12 0.05 
Au_spikes_8 13.6 1 6 0.05 
Au_spikes_9 13.6 1 24 0.05 
Au_spikes_10 13.6 1 36 0.05 
Au_spikes_11 13.6 1 48 0.05 
Au_spikes_12 13.6 1 12 -0.1 
Au_spikes_13 13.6 1 12 0.3 
Au_spikes_14 13.6 1 12 0.6 
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Figure. S1 low magnification (a,c,e,g) and high magnification (b,d,f,h) SEM images of Au 
nanospikes with 1mM Pb(CH
3
CO
2
)
2
 and (a,b) 3.4 mM (c,d) 6.8 mM (c,f) 13.6 mM and (g,h) 
27.2 mM HAuCl
4
 deposited for 12 mins 
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Figure. S2  low magnification (a,c,e,g) and high magnification (b,d,f,h) SEM images of Au 
nanospikes with 13.6 mM HAuCl
4
 and (a,b) 0.25 mM (c,d) 0.5 mM (e,f) 1 mM and (g,h) 2 
mM Pb(CH
3
CO
2
)
2
 deposited for 12 min 
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Figure. S3 ECSA analysis of Au nanospikes with varying Pb(CH3CO2)2  concentration, (a) 
overall experimental ECSA analysis and (b) 0.75 V-1.15 V peak analysis curves 
 
 
 
 
Figure. S4 ECSA analysis of Au nanospikes with varying electrodeposition times, (a) overall 
experimental ESA analysis and (b) 0.75 V-1.15 V peak analysis curves 
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Figure. S5 low magnification (a,c,e,g,i) and high magnification (b,d,f,h,j) SEM images of Au 
nanospikes with 13.6 mM HAuCl4 and 1 mM Pb(CH
3
CO
2
)
2
 deposited for (a,b) 6 mins (c,d) 
12 mins (e,f) 24 mins (g,h) 36 mins and (i,j) 48 mins 
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Figure. S6 low magnification (a,c,e,g,i) and high magnification (b,d,f,h,j) SEM images of Au 
nanospikes with 13.6 mM HAuCl4 and 1 mM Pb(CH
3
CO
2
)
2
 deposited for 12 mins at on-set 
potentials of (a,b) -0.1V (c,d) 0.05V (e,f) 0.3V and (g,h) 0.6V 
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Figure. S7 RSA values of modified substrates and RSA value compared to geometric area of 
the plain Au-substrate (0.238 cm-2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. S8 EDX spectral analysis of Au nanospike substrate 
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Figure. S9 XRD pattern of nanospike substrate 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. S10 CV analysis of Au nanospikes in 0.5 M KOH solution (black) and Au_spikes_3 
(red) and Au_substrate (blue) in 0.5 M KOH and 10 mM glucose solution 
 
30 35 40 45 50 55 60 65 70 75 80 85
 
In
te
n
si
ty
 
(a.
u
.
)
2θ (degree)
(111)
(200)
(220)
(311)
(222)
-0.9 -0.6 -0.3 0.0 0.3 0.6 0.9
-0.4
0.0
0.4
0.8
1.2
1.6
Cu
rr
en
t (
m
A)
Potential (V)
Page 10 of 10 
 
 
 
 
 
 
 
 
 
 
 
Figure. S11 Bar graph analysis comparing selectivity analysis of 0.13V and 0.26V. 
 
 
 
 
 
Figure. S12 Current density vs Concentration analysis (a) 1s-300s and (b) 50s – 300s 
 
0 2 4 6 8 10
0.0
0.3
0.6
0.9
1.2
1.5
1.8
2.1
 
Cu
rr
en
t D
en
si
ty
 
(m
A
 
cm
-
2 )
Concentration (mM)
 1s
 10s
 50s
 60s
 100s
 120s
 180s
 200s
 240s
 300s
0 2 4 6 8 10
0.0
0.1
0.2
0.3
0.4
0.5
Cu
rr
en
t D
en
si
ty
 
(m
A
 
cm
-
2 )
Concentration (mM)
 50s
 60s
 100s
 120s
 180s
 200s
 240s
 300s
(a) (b) 
Glu
cos
e
Suc
ros
e
Fru
ctos
e AA UA
50
60
70
80
90
100
110
120
130
 0.13V
 0.26V
R
es
po
n
se
 
(%
) 
Page 11 of 11 
 
 
 
 
 
 
 
 
 
 
 
Figure. S13 Lowest concentration to be detected at 20 µM 
 
 
 
 
Figure. S14 repeatability in 10mM glucose at 0.13V for Au_spikes_3 
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CHAPTER IV: 
Hydrogen bubble templated 
growth of honeycomb-like Au-Pt 
alloy films for non-enzymatic 
glucose sensing 
 
 
 
 
 
Au and Pt based nanomaterials have shown great promise for non-enzymatic based 
electrochemical glucose sensing, however obtaining a balance between good selectivity and 
high sensitivity is still an ongoing challenge. In this chapter a glucose sensor was developed 
to unite the properties of both metals through the formation of bi-metallic Au-Pt alloy 
honeycomblike structures with controlled Pt content during electrodeposition. The 
honeycomb-like structures were formed by employing hydrogen gas bubbles developed in-
situ as a dynamic template. The developed films were found to possess large surface areas 
with a homogeneous spread of Au and Pt throughout the surface, enabling both high 
sensitivity and selectivity when compared to monometallic metal nanostructures. The 
sensitivity and experimental detection limit of the developed glucose sensor was determined 
to be 109.3 µA·mM-1·cm-2 (after a 10 s stabilization period) and 20 μM, respectively. 
Selectivity studies showed minimal to no interference in the presence of Acetic Acid (AA) and 
Uric Acid (UA), which we have attributed to the Au component of the electrodeposited 
nanostructures allowing detection at a lower potential, overcoming the lack of selectivity 
typically experienced by Pt. 
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glucose sensors that take advantage of the properties of both metals through the formation of bi-metallic Au-Pt alloy honeycomb-
like structures with controlled Pt content during electrodeposition. The honeycomb-like structures were formed by employing
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monometallic metal nanostructures. The sensitivity and experimental detection limit of the developed glucose sensor was determined
to be 109.3 μA · mM−1 · cm−2 (after a 10 s stabilization period) and 20 μM, respectively. Selectivity studies showed minimal to
no interference in the presence of Acetic Acid (AA) and Uric Acid (UA), which we have attributed to the Au component of the
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Diabetes is a chronic health condition affecting 387 million people
worldwide and rising,1 casusing a lack in blood glucose concentra-
tion (Hypoglycemia) or an increase in blood glucose concentration
(Hyperglycemia). The normal human blood glucose concentration is
between 4.4–6.6 mM,2 however a person with hypoglycemia expe-
riences blood glucose levels between 2.8–3.3 mM3 whilst a person
with hyperglycemia has a blood glucose concentration between 7–
11.1 mM.4 Due to this wide range in possible blood glucose concen-
trations which are exhibited, the need for more sensitive and accurate
glucose sensors is becoming increasingly important. This rise in di-
abetic population has propagated research into the development of
glucose sensors, with the number of papers reporting new develop-
ments increasing exponentially in recent years.5 Enzyme based glu-
cose sensors initially reported by Clark and Lyons6 in 1962 were the
first type of electrochemical based sensors developed, based around
modified electrodes employing enzymes as the active component.
Metal-based non-enzymatic glucose sensors were later shown to have
greater promise due to their improved stability in varying pH media,
high reproducibility and exclusion of the need for an oxygen source,
as was the case to enzyme-based counterparts.7
As such, non-enzymatic glucose sensors have become the main
focus of research and are usually based on noble-metals such as Au,8
Pt9 and Pd10 because they are simple to synthesize and are able to form
nanostructures with high surface areas.11 In general, metals that are
chosen for the sensor need to provide low on-set potentials for glucose
oxidation, high sensitivities, low detection limits and/or good selec-
tivity when interacting with common physiological contaminants.12
However, many pure metals display poor sensitivity for glucose in
the presence of interfering contaminants and can be easily poisoned
by adsorbed intermediates, affecting surface selectivity for the glu-
cose electrooxidation. Of the aforementioned noble-metals, Au and
Pt show the greatest promise12,13 with Au displaying low on-set poten-
tials, good stability against physiological species and high activity in
both neutral and alkali electrolytes.14,15 On the other hand, Pt displays
very high sensitivities and excellent electrocatalytic activity toward
glucose, however has poor selectivity, being easily hindered by physi-
ological contaminants16 and a rapid loss in activity due to the accumu-
lation of chemisorbed intermediates blocking the electrode surface.17
Each metal thus has their own advantages, where higher sensitivities
are reported for Pt electrodes, but Au displays better electroactivity
toward glucose oxidation than Pt.12 Therefore the use of bimetallic
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alloy materials is becoming more popular, as the secondary metal
can further enhance the electrochemical glucose sensing performance
of the substrate (or primary) by combining the individual properties
of each metal. Previous research using alloy-based non-enzymatic
glucose sensors which have proved such approach to be successful
include Au-Pt,17,18 Ni-Co,19,20 Pt-Ni,21,22 Ni-Cu23 and Pt-Pb.24
From the numerous studies reported thus far, it has been shown
that generally materials with large surface areas have relatively better
glucose sensing performance. Furthermore, the alloying of Pt with
Au is known to enhance the overall performance (sensitivity and se-
lectivity) of electrochemical sensors toward glucose.24,25 Therefore
it is proposed that by combining these two aspects of large surface
area and control of the metal content while alloying, a synergistic
enhancement of the surface toward non-enzymatic electrochemical
sensing of glucose may be obtained, while overcoming the drawbacks
of each metal. We tested our hypothesis by employing the recently
developed dynamic hydrogen bubble template method26 to electro-
chemically deposit large honeycomb-like porous Au-Pt alloy films
whilst controlling the metal content in the material produced. Au was
chosen as the main component of the electrolyte due to its higher
electroactivity toward glucose compared to Pt and the high level of
reproducibility for Au-based electrodeposition methods. The cohe-
sive (interconnected) growth of the Au-Pt alloys displayed excellent
glucose sensing performance. It is envisaged that the alloy forma-
tion method and performance enhancement concepts presented in this
study could potentially be used in other chemical and biochemical
sensing applications.
Experimental
All chemicals used in this work were purchased from Sigma-
Aldrich and used as received. Au films deposited on Si substrates
were prepared using E-beam evaporation with an adhesion layer of
10 nm Ti on a Si wafer followed by application of a 100 nm Au layer.
The wafer was diced to dimensions of 8 mm × 18 mm and masked
in order to expose a consistent circular surface with an area of 0.238
cm2 having been used ((ø) of 5.5 mm) for each experiment. The elec-
trodeposition experiments were performed using a CH instruments
(CHI760C) electrochemical workstation attached to a model 680 amp
booster. The electrochemical cell consisted of the working electrode
(Au substrate), an auxiliary electrode (graphite rod) and a reference
electrode (Ag/AgCl 3 M KCl, +0.197 V vs SHE). The Au substrate
was pre-treated by electrochemically cycling between the potentials
of 0 V and +1.4 V in 0.5 M sulfuric acid (H2SO4) at a scan rate of
100 mV · s−1. The electrodeposition of the Au-Pt alloy honeycomb
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Table I. Electrodeposition variables for Au-Pt alloy honeycombs
and the Au:Pt ratio of contributing percentages on the materials
surface.
Sample HAuCl4 K2PtCl4 Au:Pt XPS composition
Name conc. (mM) conc. (mM) (atom %)
Au 0 0 100: 0
Au10 10 0 100: 0
Au10Pt0.5 10 0.5 92.3: 7.7
Au10Pt1 10 1 86.9: 13.1
Au10Pt2.5 10 2.5 69.2: 30.8
Au10Pt5 10 5 44.9: 55.1
films were performed at a constant potential of −4 V for 300s similar
to the technique employed by Cherevko et al.27 The electrodeposition
solution consisted of 10 mM HAuCl4 in 2 M H2SO4 with varying
K2PtCl4 concentrations (0, 0.5, 1, 2.5 and 5 mM). The electrolyte salt
concentration for each prepared sample of the honeycomb-like films
is listed in Table I.
Surface characterization of the Au-Pt honeycomb substrates was
performed using scanning electron microscopy (SEM) with high res-
olution (Verios 460L), energy dispersive X-ray spectroscopy (EDX)
at an operating potential of 15 kV, X-ray diffraction (XRD, Bruker
D8 Discover micro diffraction system with a general area diffraction
detector system) which had a Cu-Kα radiation source with an operat-
ing voltage of 40 kV and a current of 40 mA and X-ray photoelectron
spectroscopy (XPS, Thermo K-alpha, Al Kα) which operated at less
than 10−9 Torr (data shifted according to C1 BE of 285 eV). Electro-
chemical surface area was determined using cyclic voltammetry in 10
mM K3Fe(CN)6 and 0.2 mM KCl at a scan rate of 50 mVs−1 employ-
ing a 3-electrode set-up, implementing the Au-Pt honeycomb as the
working electrode, a Ag/AgCl reference electrode and a graphite rod
as the counter electrode.
Glucose sensing was undertaken using cyclic voltammetry at a
scan rate of 20 mV · s−1 in a solution of 0.5 M KOH and 10 mM
glucose. Although the normal human glucose concentration range is
between 4.4 and 6.6 mM,2 comparison analysis (CV and chronoam-
perometry at various applied potentials) was performed at 10 mM
which allowed for relatively better response comparisons between the
synthesized sensors over a lower glucose concentration. Chronoam-
perometric additions analysis of the optimal synthesized sensor was
performed in a solution of 0.5 M KOH with various glucose con-
centrations ranging between 20 μM and 10 mM. This range covers
concentrations of glucose in normal people (4.4–6.6 mM) and those
with hyperglycaemia (7–11.1 mM). The concentrations lower than
4.4 mM were tested in order to show the relevance of our developed
sensors for other applications such as food analysis.
Results and Discussion
The characterization of the electrochemically deposited Au-Pt hon-
eycomb structures and their employment as electrode substrates for
non-enzymatic electrochemical sensing application is presented in
this section.
Au-Pt alloy honeycomb characterization.—The deposition of Au-
Pt honeycomb-like structures was performed at a potential of −4 V
in electrolytes containing different Au and Pt concentrations to form
alloys with varying Pt contents, as detailed in Table I. The extreme
negative potential was used in order to generate hydrogen gas bubbles
at the working electrode in-situ during the deposition process, which
acts as a dynamic template for the porous honeycomb structures. The
morphological changes that occur in the Au-Pt honeycomb structure
as a result of increasing Pt concentration in the electrolyte are shown in
Figure 1. The preparation of these honeycomb-like structures proved
to be fast (within 300 seconds) and reproducible (similar images ob-
served when surfaces were made on several occasions). Figure 1a
Figure 1. Low (top panel), high (bottom panel) and higher (right panel) magnification SEM images of Au-Pt honeycomb (a) Au substrate (b) Au10 (c) Au10Pt0.5
(d) Au10Pt1 (e) Au10Pt2.5 and (f) Au10Pt5.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 131.170.5.1Downloaded on 2016-10-27 to IP 
Journal of The Electrochemical Society, 163 (14) B689-B695 (2016) B691
shows an unmodified Au substrate which was used as the control sub-
strate (Au-Ctrl) upon which electrodeposition was performed. Figure
1b displays the pure Au honeycomb (Au10) formed on the Au-Ctrl
through the electrodeposition process. Large pores are seen across
the surface of the film with an average diameter (ø) of 31.8 μm.
The finer particles forming the overall structure are observed to have
sizes in the range of ∼75 nm. The introduction of 0.5 mM Pt in the
electrolyte (Au10Pt0.5) also leads to the formation of honeycomb-like
structures with large pores (average ø of 22.9 μm) as shown in Fig-
ure 1c, however the finer features were observed to resemble thin
leaf-like shapes branching off into large structures. This change in
the finer structure morphology demonstrates how the introduction of
Pt into the electrolyte solution significantly changes the fine structure
of the honeycomb films formed. Increasing the Pt concentration in
the electrolyte to 1 mM (Au10Pt1) was found to have an influence
on the pore size (an average ø of only 22.3 μm) of the honeycomb
structures and to a lesser extent, on the leaf-like shapes making up
the structures as shown in Figure 1d. We attributed the evenly dis-
persed pore size across the surfaces resulting from relatively low Pt
concentration to the occurrence of relatively low turbulent hydrogen
evolution. The SEM images of the surfaces formed by further increas-
ing the amount of Pt present in the electrolyte to 2.5 mM (Au10Pt2.5)
and 5 mM (Au10Pt5) are shown in Figure 1e and Figure 1f, respec-
tively. It can be seen that cracks appear to form across the surface
of the substrate, which is postulated to be due to the increased Pt
concentration resulting in a vigorous evolution of smaller hydrogen
bubbles thereby giving rise to an alternative macro structure.28 As
a result the average pore diameters have drastically reduced to 18.9
and 14.8 μm for Au10Pt2.5 and Au10Pt5, respectively. Similar to Au10,
the finer structures making up the honeycombs are observed to be
clumps of nanoparticles, which are thought to have reduced the active
site density relative to lower Pt contents, which will be confirmed in
the characterization results discussed further on. The thickness of the
electrodeposited Au-Pt films were determined to be ∼90 μm from the
SEM image taken at a 90◦ angle and presented in Figure S1 in SI.
The porous nature of the developed Au-Pt films can also be observed
from the higher magnification SEM image presented in Figure S2
in SI. The larger pores observed are a result of the hydrogen bubble
template that was employed during electrodeposition process. Fur-
thermore, the mechanical adhesion of bimetallic surfaces formed by
electrodeposition is a common motivation26 of employing this tech-
nique to produce robust sensitive layers. The developed structures
in this study were observed to maintain on the substrate throughout
the characterization and experimental procedures thus demonstrating
their strong adherence and robustness.
XRD analysis was performed in order to determine the crystalline
nature of the structures formed, the results of which are shown in
Figure 2a. The XRD patterns showed peaks in 5 major locations
where Au and Pt should appear for each substrate analyzed. A pure
Pt substrate was used as a reference to demonstrate the shifting in 2θ
values with changing Pt concentrations. There are 4 peaks that can
be assigned to both Au and Pt face-center cubic (FCC) arrangements
for the (111), (200), (220) and (331) reflections25,29 and are labelled
accordingly in the figure. The peak relating to Pt (222) is not present
for the samples formed in electrolytes with relatively lower Pt contents
however starts to appear for the Au10Pt5 sample, along the Au (222)
reflection. This is attributed to the dominant presence of Au in most
of the Au-Pt honeycomb structures. The peaks observed in the XRD
spectra have increased in 2θ values with increasing amounts of Pt in
the solution (see Figure 2b and Table S1 in Supporting Information
(SI)) which is a clear indication that Au-Pt alloy is being formed with
an increasing Pt content in the electrodeposited surfaces.30
The increase in the Pt in the films is also evidenced from the EDX
spectra presented in Figure 2c. A reduction in energy for the Lα peak
from 2.14 keV for Au10 to 2.11 keV for Au10Pt5 was observed. Fur-
thermore, each modified alloy shifted closer toward the pure Pt Lα
peak (Figure 2d) which lies at 2.05 keV. These results confirm that
increased Pt content in the electrolyte forms Au-Pt alloy surfaces. Sig-
nificantly our EDX mapping, presented in Figure S3 in SI showed that
both Au and Pt are spread evenly on the surfaces. This is advantageous
from an application point of view (i.e. sensing or catalysis) where the
surface property of each material formed will be homogeneous across
the surface. Furthermore, the evenness of the metal content throughout
the surface also confirms the alloy nature of the deposited material.
In order to confirm that both Au and Pt are present on the surface,
high resolution XPS analysis was performed. The separated spectra
for Au 4f and Pt 4f are shown in Figure 2e and Figure 2f, respectively.
The 4f7/2 core level spectrum of these samples for Au was observed to
have a shift to a lower binding energy as the Pt content was increased.
In contrast, the Pt 4f7/2 core level spectrum showed an increase in
the binding energy as the amount of Pt increases in the electrolyte
solution. These binding energy shifts are evidence of electron shifts
occurring between Au and Pt due to a bi-metallic (Au-Pt) electronic
interaction between the atomic orbitals of the 2 alloy components. A
summary of all XPS peak assignments are presented in Table S2 in SI.
The EDX and XPS data confirm that the Au-Pt alloy is formed both
in the bulk and on the surface and that the alloy is spread uniformly
throughout the surface of the deposited materials.
Although there is not a precise method for accurate determination
of the electrochemical surface areas (ECSA) of Au-Pt alloys, cyclic
voltammetry (CV) of a ferricyanide system (Randle-Sevcik method)31
has been previously used to estimate the ECSA of Au-Pt structures
and was thus employed in this study. In Figure 3 it can be seen that
there is a dramatic increase in the ECSA of the alloy surfaces when
compared to the unmodified Au substrate. Given that the peak heights
(Ip) in the CV are directly proportional to ECSA at constant scan
rate, the Ip (obtained at a scan rate 100 mV · s−1) values were used
to compare the surface areas between the electrodeposited surfaces.
It was found that Au10Pt1 and Au10Pt0.5 exhibited the largest ECSA,
with Au10Pt2.5 and Au10Pt5 having a comparatively smaller ECSA.
The ECSA differences are due to the finer surface morphological
and structural size differences that are observed in the SEM images
in Figure 1. The Au10Pt1 and Au10Pt0.5 surfaces show branching,
dendritic structures, with well-defined branches with sharp edges,
leading to a higher surface area than Au10Pt2.5 and Au10Pt5, where the
branching fine structure is not observed.
Electrochemical sensing of glucose.—Cyclic Voltammetry in the
presence of glucose.—The developed materials were characterized
electrochemically in order to determine the Au-Pt alloy honeycomb
substrate that was most active toward glucose sensing. Due to the
presence of Pt in the honeycomb surfaces, KOH was employed to
increase the pH of the solution, which would be easy to undertake
in real-world analysis. An alkaline solution is necessary for Pt based
materials as the metal can easily be poisoned by intermediate species
that form during electro-oxidation of glucose, and Pt can also generate
products during electrochemical analysis in neutral solutions which
suppresses activity.32 The reaction mechanism between Pt and glu-
cose involves the initial chemisorption of glucose (referred to as the
‘dehydration’ step) which is quickly followed by adsorbed dehydrate
intermediates oxidizing on the surface and forming weakly adsorbed
gluconate. At higher potentials these adsorbed intermediates weaken
in strength allowing for the dehydrogenated intermediates to oxidize
to glucono-δ-lactone. As the glucono-δ-lactone slowly desorbs, glu-
conate is formed as the result of hydrolysis.33 Au readily forms gold
hydroxide in alkaline solutions due to the chemisorption of OH− ions
on the Au surface (Au + OH(1−λ) + λe−)34,35 which occurs in the pre-
monolayer oxidation region of the gold surface.12 Figure 4a shows the
CVs of modified Au (Au10) and Au-Pt honeycomb (Au10Pt0.5) in a
solution of 0.5 M KOH and 10 mM glucose. The CV profiles are used
to determine the difference in oxidation and reduction peaks between
plain Au and the Au-Pt alloy honeycomb structure. Furthermore, the
potentials at different stages of glucose electrooxidation on the Au-Pt
alloy surface (i.e. formation of intermediate species) can be observed.
The CV profiles in a 0.5 M KOH and 10 mM glucose solution for
each alloy substrate developed are presented in Figure S4 in SI. It can
be observed that the current maxima on the CV profiles are dependent
on the amount of Pt that was used in the electrolyte while depositing
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Figure 3. Cyclic voltammetry of all Au-Pt substrates in 10 mM K3Fe(CN)6
and 0.2 mM KCl at a scan rate of 50 mVs−1.
the alloy structures. The Au-OH reduction peak at 0.15 V is visible
for Pt concentrations of 0, 0.5, 1 and 2.5 mM however the CV for the
surface prepared in the 5 mM Pt electrolyte no longer displays the
Au-OH reduction peak due to the high Pt content. That is, Pt forms
multiple glucose related intermediate species on the surface of the
alloy which is thought to inhibit glucose from reaching the gold and
undergoing surface oxide adsorption.18,36 Figure S5 in SI shows the
CV sweep rate analysis of the optimal Au-Pt alloy (Au10Pt1) substrate
where an increase in peak maximum was observed as the sweep rate
increased. This relationship between peak height and scan rate shows
that the reaction occurring between the Au-Pt alloy and glucose is a
surface-controlled electrochemical process.25
Chronoamperometric analysis in the presence of glucose.—The ac-
tivity of the surfaces for glucose analysis was tested using chronoam-
perometry at various potentials (0, −0.1 and −0.2 V). These potentials
were chosen based on the glucose oxidation/reduction peaks observed
in the CV profiles (Figure 4a) discussed in Cyclic voltammetry in
the presence of glucose section. These peaks are attributed to glucose
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of Au10Pt1 after the addition of 10 mM glucose followed by 0.1 mM additions of acetic acid (AA), sucrose, mannose, maltose and 0.2 mM uric acid (UA) and (f)
Current maximum from chronoamperometric responses in 10 mM glucose for 7 consecutive scans for Au10Pt1.
oxidation occurring at both active Au and Pt sites, as opposed to either
the formation of Au-OH or Pt-OH at higher potentials.37,38 Further-
more, the adsorption of intermediates during glucose electrooxidation
for Au-Pt alloys occurs at potentials more negative than pure gold
alone,39 therefore potentials lower than and including 0 V were se-
lected. Figure 4b clearly demonstrates that Au10Pt1 has the highest
glucose electrooxidation current compared to the other alloy samples.
From the 3 potentials analyzed, −0.01 V displays the highest sensi-
tivity when tested for a 10 mM glucose solution. The peak related to
glucose oxidation occurs at 0 V, showing good sensitivity due to the
maximum peak height of Au and Pt-OH forming on the surface of the
alloyed honeycombs. However when the onset potential applied sits
just after the peak at −0.01 V, the sensitivity of the alloy is dramati-
cally enhanced (Figure 4b). Furthermore, the increase in the response
magnitude at −0.01 V was found to be ∼3 times higher than that ob-
tained for the control (Au10) substrate. Given that only 55% increase in
Ip value (shown in Figure 3) was observed for the same substrate (rel-
ative to the control (Au10) substrate), the results are a clear indication
that the high activity of the Au10Pt1 substrate is not solely due to the
increase in ECSA but primarily due to the Au-Pt content of the alloy.
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Table II. Comparison of the developed Au-Pt alloy honeycomb-like structures with recently reported materials for non-enzymatic electrochemical
glucose sensing.
Electrode material Sensitivity (μA · mM−1 · cm−2) LOD (μM) Linear range (mM) Operation potential (V) Reference
Au nanocorals 22.6 10 0.05–30 +0.25 vs Ag/AgCl 25
Au nanospikes 91.8 20 0.02–10 +0.13 vs Ag/AgCl 47
Porous Au film 10.76 1 0.01–10 +0.1 V vs SCE 48
Pt nanoporous 37.5 50 0.05–30 −0.12 V vs Ag/AgCl 49
Porous Pt-Pd 20.1 n/a 0–12 −0.3 V vs Ag/AgCl 50
Au-Pt nanocorals 24.6 3.2 0.03–7.2 +0.4 V vs Ag/AgCl 51
Au-Pt-CNT 10.71 10 Up to 24.44 +0.3 V vs Ag/AgCl 39
Nanoporous PtAu n/a 0.5 0.2–5.4 +0.6 V vs Ag/AgCl 18
Au-Pt honeycomb 109.3 12.9 0.020–10 −0.01 V vs Ag/AgCl ∗This work
To examine the sensitivity and selectivity of the Au10Pt1 hon-
eycomb alloy, chronoamperometric analysis was employed with a
glucose addition concentration range of 20 μM–10 mM. The addi-
tions analysis (Figure 4c) displays excellent stability of the alloyed
substrate after each addition and analysis times, where the more pro-
nounced differences between each addition are shown in Figure S6
presented in the SI. Figure 4d shows the current vs glucose concen-
tration calibration curves, with the current sampled at different times
from chronoamperometric curves and have been analyzed for their
sensitivity, limit of detection (LOD) and R2 values as can be seen in
Table S3 in SI. The sensitivty40,41 and limit of detection was calculated
using the method of three standard deviation of the blank as reported
in our previous sensing studies.42,43 From this data we can see that
the sensing linearity is excellent (R2 values >0.99) for all concentra-
tions, across all analyzed time points ranging from 10 to 100 seconds.
From the experimental concentrations analyzed we can determine the
linear range of the Au-Pt honeycomb sensor is 20 μM–10 mM with
a response time as low as 10 s. The calculated sensitivity of the Au-
Pt honeycomb was determined to be 109.3 μA · mM−1 · cm−2 after
10 s and 39.7 μA · mM−1 · cm−2 after 100 s with a calculated LOD
(limit of detection) of 12.9 μM (experimental data in Figure S7 in
SI) and 9.1 μM respectively. The high sensitivity and low detection
limit displayed by the Au-Pt alloy sensors can be attributed to the Pt
component of the alloy as Pt displays very high sensitivity in glucose
sensing.44–46 According to previous studies surface poisoning readily
occurs on pure Pt surfaces however due to the alloying with Au, an
improved selectivity of the sensor has been achieved as is demon-
strated in Figure 4e. A comparison of the optimum sensor developed
in this study (Au10Pt1) with that reported in literature is shown in
Table II. It can be seen that the Au-Pt honeycombs displayed a sim-
ilar linear concentration range to those sensors reported in previous
studies, however with a much higher calculated sensitivity compared
to other Au-Pt alloy based sensors. Furthermore, when comparing to
the plain monoatomic Au structures, our developed sensor was able to
achieve a large sensitivity at quite a low operational potential, which
is also thought to be advantageous from a selectivity point of view.
That is, the addition of physiological contaminants did not hinder the
sensitivity of the sensors, and a good selectivity was displayed in the
presence of physiological related species (see Figure 4e and dynamic
response data in Figure S8 in SI). The data shows that physiological
sugars such as ascorbic acid (AA), sucrose, mannose, maltose and uric
acid (UA) appear to be the main component in reducing the sensors
selectivity; however the main competing contaminants AA and UA
appear to cause little-to-no change in the current response of the sen-
sor in the presence of 10 mM glucose. The main contribution for this
successful selectivity is the reduction in the on-set potential observed
for the Au-Pt alloy. Lower applied potentials effectively improve se-
lectivity in glucose sensors, therefore the fact our glucose sensor has
improved sensitivity at such a low potential is promising for these
types of materials in future glucose research.
Given the encouraging sensitivity and selectivity performance of
the developed sensor, a series of 7 sensing events in a solution of
0.5 M KOH and 10 mM glucose were performed at −0.01 V for
100 s to determine the repeatability of Au10Pt1 which is shown in
Figure 4f (dynamic response data in Figure S9 in SI). The sensor was
found to exhibit good reproducibility during repeated glucose sensing
events with a coefficient of variance (CoV) calculated to be less than
8%, displaying 92% repeatability after 7 successive runs making this
sensor highly reusable for glucose sensing applications.
Conclusions
We have presented Au-Pt honeycomb-like porous structures that
can be employed as an electrode material for non-enzymatic elec-
trochemical glucose sensing applications. The material was devel-
oped using the hydrogen bubble template method to form honey-
comb nanostructures made of pure Au-Pt alloy, with both Au and Pt
evenly dispersed throughout the material. A low detection limit of 12.9
μM was obtained, with a linear concentration range of 20 μM to 10
mM. Furthermore, a high sensitivity of 109.3 μA · mM−1 · cm−2 after
only 10 s of stabilization was also observed. The optimum material
(Au10Pt1) showed good selectivity toward glucose and did not respond
to other physiological species such as Ascorbic acid and biological
sugars, making Au-Pt alloy honeycomb a promising non-enzymatic
glucose sensor, and a versatile material well-suited to other electro-
catalytic applications.
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Figure S1.  SEM image of Au10Pt1 at a 90° angle showing the thickness of the electrodeposited Au-Pt 
alloy honeycomb 
 
 
 
 
 
Figure S2. SEM image of Au10Pt1 at a 90° angle showing the porous structure of the Au-Pt alloy 
deposition to the substrate. 
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Table S1. XRD analysis 2θ values for all analysed substrates as well as Au0Pt10 as a pure Pt reference 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3. EDX mapping of Au10Pt1 showing Au(red) and Pt(green) present in the surface of the 
electrodeposited material 
 
 
 
 XRD analysis                   2θ values 
 (111) (200) (220) (311) (222) 
Au10Pt 38.89 44.73 65.26 78.19 82.37 
Au10Pt0.5 38.94 44.85 65.36 78.32 82.53 
Au10Pt1 39.09 45.01 65.63 78.69 82.92 
Au10Pt2.5 39.42 45.41 66.17 79.48 83.68 
Au10Pt5 39.59 45.62 66.55 80.15 84.5 
Pt10 40.31 46.48 68.24 82.19 n/a 
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Table S2. XPS analysis binding energies for all analysed substrates 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4. CV analysis of all samples in 0.5M KOH and 10mM glucose solution 
 
 
 XPS analysis                   Binding energy (eV) 
 Au(7/2) Au(5/2) Pt(7/2) Pt(5/2) 
Au10 84.19 87.89 n/a n/a 
Au10Pt0.5 84.09 87.78 70.78 73.98 
Au10Pt1 83.97 87.66 70.80 73.98 
Au10Pt2.5 83.96 87.65 70.88 74.08 
Au10Pt5 83.88 87.59 71.08 74.28 
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Figure S5. Cyclic Voltammetry (CV) analysis of Au10Pt1 in the presence of 0.5M KOH and 10mM 
glucose at sweep rate values of 20, 50, 75, 100, 200 and 500 mVs-1 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6. Chronoamperometric analysis of glucose additions in the concentration range between 
20µM and 10mM. The legend details the concentration of each addition in mM. 
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Time 
(s) 
Sensitivity 
(µA·mM-1·cm-2) 
R2 
(value) 
LOD 
(calculated) 
10 110 0.997 12.9 
20 79 0.998 9.9 
50 58 0.997 12.0 
75 52 0.998 7.4 
100 48 0.997 9.1 
 
Table S3. Comparison table of glucose additions analysis and their calibration curves at difference 
times for sensitivity, R2 value and limit of detection (LOD). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S7. Experimental chronoamperometric analysis for determining the detection limit for Au10Pt1 
in the presence of 0.5M KOH for 4 repetitions following by an addition of 0.02 mM glucose 
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Figure S8. Experimental chronoamperometric analysis for determining selectivity of Au10Pt1 in the 
presence of glucose, acetic acid (AA), sucrose, mannose, maltose and Uric acid (UA) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S9. Experimental chronoamperometric analysis for determining repeatability for Au10Pt1 in 
the presence of 0.5M and 10mM glucose for 6 repetitions 
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CHAPTER V: 
Nickel–gold bimetallic monolayer 
colloidal crystals fabricated via 
galvanic replacement as a highly 
sensitive electrochemical sensor 
 
 
 
 
 
In this chapter bimetallic Ni–Au monolayer colloidal crystals (MCCs) were fabricated by 
galvanic replacement of Ni monolayers with Au salt. The influence of Au concentration used 
in the galvanic replacement solutions on the morphology and structure of the resulting Ni–
Au surface is studied. It was found that the use of monolayer colloidal crystals, which display 
cohesive structure formations across the monolayer, results in the galvanic replacement 
reaction occurring more evenly over the surface when compared to the thin film counterpart. 
The fabricated devices were analyzed under alkaline conditions using chronoamperometric 
techniques to detect glucose concentrations ranging between 20 µM and 10 mM. The 
optimum Ni–Au MCC substrate was produced using 0.1 mM Au salt solution and showed a 
very low experimental detection limit of 14.9 µM and a calculated sensitivity of 506 µA·mM-
1·cm-2, which was ~3 times larger than that of the plain Ni MCC substrate. The Ni–Au MCC 
substrate also showed minimal current response changes in the presence of common 
physiological contaminants, thus being a highly selective electrochemical glucose sensor. 
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Nickel–gold bimetallic monolayer colloidal
crystals fabricated via galvanic replacement
as a highly sensitive electrochemical sensor†
Bebeto Lay,‡ Victoria E. Coyle,‡ Ahmad Esmaielzadeh Kandjani,*
Mohamad H. Amin, Ylias M. Sabri and Suresh K. Bhargava *
Bimetallic Ni–Au monolayer colloidal crystals (MCCs) were fabricated by galvanic replacement of Ni
monolayers with Au salt. The influence of Au concentration used in the galvanic replacement solutions
on the morphology and structure of the resulting Ni–Au surface is studied. It was found that the use of
monolayer colloidal crystals, which display cohesive structure formations across the monolayer, results
in the galvanic replacement reaction occurring more evenly over the surface when compared to the thin
film counterpart. The fabricated devices were analyzed under alkaline conditions using chronoampero-
metric techniques to detect glucose concentrations ranging between 20 mM and 10 mM. The optimum
Ni–Au MCC substrate was produced using 0.1 mM Au salt solution and showed a very low experimental
detection limit of 14.9 mM and a calculated sensitivity of 506 mA mM1 cm2, which was B3 times larger
than that of the plain Ni MCC substrate. The Ni–Au MCC substrate also showed minimal current
response changes in the presence of common physiological contaminants, thus being a highly selective
electrochemical glucose sensor.
Introduction
Bimetallic materials have recently come under intense focus
due to their notable electronic, optical, catalytic and sensing
properties.1,2 Bimetallic nanomaterials are easily fabricated by
utilizing a galvanic replacement (GR) reaction3,4 which is a
facile and versatile method.5 As a GR reaction involves the
replacement of surface atoms, hollow structures with modified
surfaces are able to form, thus, bimetallic surfaces resulting
from GR usually have high surface areas4 and an increased
number of active sites, inducing higher activity toward catalysis
and chemical sensing applications.4 As bimetallic structures
can be controlled based on the types of components and
percentages of each metal in the GR solution, the substrates
can be tailor-designed to be selective towards specific analytes
for chemical sensing applications.6–8 Although sensors with
high sensitivity and selectivity can be made by employing a GR
reaction, the reaction usually initiates at sites that possess
relatively higher surface energies. That is, the reaction nucleation
of alloying and bimetallic metal deposition on the surface of
the sacrificial template occurs at arbitrary sites which exhibit the
highest surface energies i.e. defect sites, stacking faults and
surface roughness.9,10 This phenomenon has thus far been a
limitation in obtaining uniform particle decoration via the GR
reaction due to the lack of control of the reaction sites.11 To obtain
a degree of uniformity in particle decoration (required for sensor
substrates), it is first necessary to develop even and controlled
distribution reaction site arrays on the surface before the galvanic
replacement reaction. This uniformity and distribution of reaction
site arrays can be obtained through the use of ordered close-
packed colloidal crystals. These colloidal crystals have even
curvature on their individual surface, while forming ordered
arrays throughout the surface, thus providing multiple even
reactions sites for an even deposition of metal through galvanic
replacement reaction.
Lithography methods such as focused ion beam (FIB) and
electron beam lithography (EBL) are typically used for well-
ordered nanostructures; however, due to their time consuming
and costly processes, they are unsuitable for the fabrication of
nanostructures across large surface areas.12–14 The aforemen-
tioned fabrication methods have been stated to damage the
formed nanostructures throughout the etching processes.13
As an alternative to FIB and EBL methods, colloidal lithography
is a cheap, convenient and precise method of packing ordered
materials with a controlled orientation and distribution of
monodispersed materials.15,16 This type of lithography process
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involves the self-assembly of colloids such as polystyrene (PS)
nanospheres,17,18 a low-cost monodispersed material as a template
for producing numerous closely packed and ordered structures,
thereby allowing for the formation of various photonic crystals
(PCs).19,20 Self-assembly of PS spheres can be controlled to form
specific patterns that are ordered with homogeneous size, spacing
and morphology21 across large substrate areas. The ordered struc-
tures formed have previously shown great success in applications
such as photonic waveguides, optical filters and chemical
sensors.22–26 However, such ordered structures have not yet been
employed for promoting homogeneous decoration of nanoparticles
on individual colloids in a PC using galvanic replacement reaction
to form bimetallic structures.
In this paper, we aimed to control Au nanoparticles on a
Ni film which was deposited on a PS based colloidal crystal
template using the GR reaction as an enhanced non-enzymatic
electrochemical glucose sensor. Both Ni27–29 and Au30–32 have
previously been shown to be important elements for the devel-
opment of highly selective and sensitive non-enzymatic electro-
chemical glucose sensors. Ni based structures are one of the
most common materials employed for enhancements in glucose
electrooxidation and therefore sensitivity when compared to other
metal-based non-enzymatic glucose sensors.33–36 On the other
hand, the introduction of a noble metal such as Au has been
demonstrated to reduce interference from physiological contami-
nants and increase the selectivity of the sensor towards
glucose.37,38 The use of Ni–Au bimetallic structures on the
sensor electrode is postulated to drastically increase both the
sensitivity and selectivity of electrochemical based glucose
sensors. Furthermore, the developed surfaces with controlled
particle size, number density and homogeneous decoration of
Au nanoparticles on Ni coated PS colloids hold great promise
for other chemical sensor applications.
Experimental
Chemicals
All chemicals were used as received from Sigma-Aldrich.
Synthesis of polystyrene colloids
Polystyrene colloids (PSCs) were synthesized as described in
our previous work with small modifications.17 200 mg of
polyvinylpyrrolidone (PVP) was dissolved in 20 mL ethanol
solution under nitrogen atmosphere, and then 2 mL of styrene
was injected into the solution at 70 1C under constant stirring
at 1500 rpm. A 20 mL ethanolic solution containing 28 mg of
initiator (azobisisobutyronitrile (AIBN)) was then added to the
reaction system which was kept at a constant temperature of
70 1C for 24 h. The produced PSCs were mono-dispersed and
had a size distribution of 1300 nm. The formed colloids were
washed several times and finally dispersed in 25 mL of ethanol.
Ti substrate fabrication
Silicon wafers were cleaned, followed by deposition of 300 nm
Ti (Balzers, BAK 600) using e-beam evaporation. After deposition,
a thin protective layer of photoresist was spin coated on the wafer
surface before being diced into rectangular substrates with
dimensions of 12 mm (length)  6.5 mm (width).
Ni–Au based electrode fabrication
The Ti based substrates (electrodes) were modified with a
polystyrene monodispersed colloid monolayer (PS-MCM) using
the procedure described elsewhere.17 Briefly, a suspension of
polystyrene colloids (20 mL) was formed at the water/air inter-
face in a glass Petri dish and SDS (sodium dodecyl sulfate)
(20 mg mL1) was added to form a close-packed monolayer
arrangement. The photoresist on the Ti electrode surfaces was
removed and the close-packed monolayer was transferred from
the Petri dish onto the electrode surface directly. The surfaces
were then dried under N2 gas for a period of B20 minutes.
Thereon, a 150 nm layer of Ni was deposited on the PS-MCM
layer using the e-beam deposition technique. A galvanic replace-
ment (GR) reaction was then performed on the modified
electrode surfaces by placing them in 2 mL of HAuCl4 (con-
centrations of 0.01 mM, 0.1 mM, 1 mM and 2 mM) for a period
of 10 minutes, thereby forming a close-packed monolayer of
bimetallic Ni–Au based electrochemical sensors.
Surface characterization
The morphological studies were performed by scanning electron
microscopy (SEM) using an FEI Nova NanoSEM instrument.
Elemental spectra and maps were collected by energy-
dispersive X-ray spectroscopy (EDS) using an Oxford X-MaxN
20 EDX detector in conjunction with the FEI Nova NanoSEM.
D8 Discover micro X-ray diffraction (XRD) with a general area
detector diffraction system (GADDS) was used for crystal structure
studies. The surface chemical state and/or species of the samples
were analyzed by X-ray photoelectron spectroscopy (XPS) using a
Thermo K-alpha X-ray photoelectron spectrometer at a pressure
above 109 Torr (monochromatized Al Ka). The adventitious
carbon binding energy (carbon at 285 eV) was used to align the
core binding energies. High-resolution transmission electron
microscopy (HR-TEM) was performed using a JEOL 2100F operating
at an accelerating voltage of 200 kV. The instrument was equipped
with a Gatan Orius SC1000 charge-coupled device (CCD) camera for
standard imaging and an EDS spectrometer (Oxford XMax80T)
which was used for elemental mapping in STEM mode.
Glucose sensing
Cyclic voltammetry (CV) analysis was performed using a CH
instruments (CHI760C) electrochemical analyzer implementing
a solution of 0.5 M KOH with the addition of 10 mM
D-(+)-glucose at a constant sweep rate of 20 mV s1. Chronoam-
perometric addition analysis was performed at a constant
applied potential of +0.55 V for 100 s intervals with glucose
additions up to a concentration of 10 mM. The selectivity
performance of the developed electrodes toward glucose were
determined by adding 0.1 mM sucrose, fructose and acetic acid
as well as 0.02 mM uric acid followed by the addition of 10 mM
glucose in the KOH electrolyte solution.
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Results and discussion
Fig. 1 shows the SEM characterization of the developed surfaces
with each panel representing the images of two different
magnifications of the monodisperse polystyrene monolayer
which has undergone a galvanic replacement reaction with
Au. The PS Ni-MCM template (referred to as Ni colloids) is
shown in Fig. 1a and its corresponding fast Fourier transform
(FFT) pattern is presented in Fig. 1b. It can be observed that the
colloids are monodispersed with sizes of 1.3  0.02 mm. The
FFT pattern confirms the long-range hexagonally ordered struc-
ture with point group D6 and plane groupp6mm, both indica-
tive of highly close-packed ordering of the colloidal template.39
After the GR reaction of the Ni colloid based substrate with Au
salt at concentrations of 0 mM (no reaction, Ni colloids),
0.01 mM (Ni–Au0.01mM), 0.1 mM (Ni–Au0.1mM), 1 mM (Ni–Au1mM)
and 2 mM (Ni–Au2mM) HAuCl4 salt solution for 10 minutes, it can
be observed that a small nucleation of Au nanoparticles starts to
form on each of the Ni colloids in a homogenous fashion at the
lower concentrations of 0.01 mM (Fig. 1c) and 0.1 mM (Fig. 1d).
At a higher concentration of 1 mM (Fig. 1e), the particles are
observed to have increased significantly in size; however the
number density of particles appears to decrease. The deposition
of the Au nanoparticles is highly concentrated over the sphere
junctions which act as active sites for the colloidal surface.
Furthermore, at an Au concentration of 2 mM (Fig. 1f), the Au
deposition dramatically increases with complete coverage on the
outer edges of the polystyrene structures, overwhelming the Ni
colloid structure. This change in deposition location during GR
reaction may be due to the immiscibility between Ni and Au. At
lower concentrations (0 mM, 0.01 mM and 0.1 mM), the whole Ni
surface on each colloid can act as reaction sites for Au deposition,
as the rate of deposition would be slow causing small particles to
form across multiple reaction sites on the surface. When the
concentration increases (1 mM and 2 mM), the Au nanoparticles
prefer electron transfer through the formed Au nanoparticles on
the surface. This interaction causes the galvanic replacement to
form bigger particles with dendritic and irregular shapes whilst
the growth is preferred on a pre-formed seed particle. These
particles are formed on top of each othermaking large aggregates
of Au nanoparticles atop the Ni structure as opposed to the
individual particles formed at lower Au concentrations.
To determine the crystallographic nature of the deposited
Au nanoparticles and to confirm the existence of the Ni–Au
bimetallic microstructures, XRD analysis was performed. All
the spectra were normalized to the Ni(200) peak. Fig. 2a and b
show the XRD patterns of Ni-ctrl, Au-ctrl and all of the galva-
nically replaced samples obtained using a GAADS detector.
As can be seen from Fig. 2a, after GR a peak at 391 appears
which is associated with the formation of the Au(111) peak in
the structure. Fig. 2b shows the Au(200)/Ni(111) peaks where a
constant shift towards the Au(200) peak (for the GR structures)
can be observed. As nickel and gold have limited solubility at
room temperature,40 the small shift in the XRD spectra can be
Fig. 1 (a) SEM image and (b) Fast Fourier Transform pattern (FFT) of Ni
colloid surface. SEM images of Ni–Au surfaces after a 10 min GR reaction
at an Au concentration of (c) 0.01 mM, (d) 0.1 mM, (e) 1 mM and (f) 2 mM.
Fig. 2 XRD pattern of (a) Ni-ctrl, Au-ctrl and modified samples;
(b) expanded region covering the Au(200)/Ni(111) peaks; (c) EDX spectra
of Ni-ctrl (blue) and Ni–Au1mM (red) bimetallic samples; (d) atomic ratio
Au/(Au + Ni) vs. gold concentration used in the GR reaction: * is attributed
to Au peaks and D is attributed to Ni peaks.
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related to the formation of small amounts of alloy materials at
the interface of Ni and Au structures. Thereon, Au particles are
formed on the Ni colloids as the miscibility of Au and Ni
is negligible in room temperature. With the increase in
Au concentration, the position of the Ni peak after galvanic
replacement is constant for all samples confirming that the
Ni–Au bimetallic material in only available at the Ni colloid and
Au particle interface.
The EDS elemental survey represented in Fig. 2c indicates
the presence of nickel, gold, carbon, titanium and silicon on
the surface with no peaks related to other possible contaminants
whichmay appear during the synthesis process. In order to obtain
a clear understanding of the relative increase in Au content during
GR, the atomic ratio given by Au/(Au + Ni) was calculated based on
the EDS analysis for each of the samples (Fig. 2d). The results
showed that with the increase in HAuCl4 concentration, the
amount of decorated Au increases on the surface of the Ni
colloids. In addition, EDS mapping of Ni–Au1mM indicated the
formation of a uniform Ni surface across the colloidal crystal
after evaporation and the gold nanoparticles have mostly
formed in the intersections of the Ni colloids following G,R
as shown in the ESI,† Fig. S1.
To better understand the formation behavior of the Au
particles on each individual PS/Ni colloid surface as a result
of GR reaction, Ni–Au1mM was sonicated in ethanol and then
drop cast on a copper grid and characterized by TEM. Fig. 3a
shows the growth of the Au nanoparticles on the outer surface
of the colloid which can also be observed in Fig. 1e. An EDS
overlay map of the single colloid overlaid with the TEM image is
shown in Fig. 3b. The image clearly shows the coverage of each
metal on the PS colloids. As explained earlier (XRD results), Au
tends to grow in the active areas of the structure due to the
immiscibility of both Ni and Au, leading to larger particles of
Au on the Ni PS shells instead of the formation of a uniform
shell. The individual maps of carbon (Fig. S2a, ESI†), nickel
(Fig. S2b, ESI†) and gold (Fig. S2c, ESI†) are shown in Fig. S2,
ESI.† As colloidal particles have spherical shapes, most of the
nickel deposition during evaporation occurs at the top center of
the PS spheres where the Ni film is thickest and begins to
reduce away from the top center, to the sides due to the ‘line of
site’ constraints during evaporation. The lattice fringes were
recorded from two separate areas of the samples which are
shown with red and yellow boxes in Fig. 3a based on the EDS
mapping analysis of Ni shells and decorating Au nanoparticles.
The HR-TEM studies confirm the formation of small nano-
particles of (B7 nm) NiOOH layer on the surface of the Ni layer,
as shown in Fig. 3c. This can be due to the partial oxidation of
the nickel layers after evaporation. A representative intensity
profile was obtained for the lattice fringes covering the line
scan shown within the figure and represented as an inset in
Fig. 3c. The periodic dimension of 3.14 Å relates to the inter-
planar dimension of the [110] orthorhombic NiOOH structure.
The lattice fringe study with the aid of an intensity profiler of
formed Au spikes on the shown line scan indicates the formation
of Au nanoparticles (Fig. 3d). The interplanar dimension of 2.36 Å
is related to the [111] FCC structure of Au crystals.
To determine the oxidation state of each of the elements,
XPS spectra (Fig. S3, ESI†) has been collected from the developed
Ni–Au bimetallic sensors for surfaces galvanically replaced using
1mM solution (Ni–Au1mM). The XPS survey of the electrode surface,
when compared with the Ni colloid counterpart shown in Fig. S4,
ESI† indicates the formation of Au on the Ni without the presence
of any other contaminants. The high-resolution spectrum of Au
4f core binding energies showed two peaks at 84.18 and 87.85 eV
possessing a splitting factor of 3.7 eV (Fig. S3a, ESI†) indicating
the formation of Au0 (metallic state) on the surface.41,42 Au in
its metallic state shows that Au has completely reduced on the
Ni structures. XPS analysis of the Ni 2p3/2 core level spectrum
(Fig. S3b, ESI†) displays five distinguished peaks at 852.54,
854.3, 856.01, 858.02 and 861.2 eV which can be attributed to
Ni0, NiO, Ni(OH)2, NiO(OH) and convolution of satellite peaks,
Fig. 3 TEM images of (a) Ni–Au1mM shows the formation of Ni hemi-
spherical shells and Au spikes; the red and yellow boxes relate to the
corresponding places for HR-TEM presented for Ni and Au, (b) elemental
EDS maps showing C (red), Ni (Green) and Au (Cyan) overlays, (c) lattice
structures with the corresponding fringe distance profiles (inset) indicating
the Ni shell and (d) the lattice structure indicating Au spikes. Intensity
profiles for the lattice fringes covering the line scan in the HR-TEM images
were obtained from the intensity contrast profile of the image across the
marked lines; red in (c) and yellow in (d).
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respectively.43,44 The presence of both Ni0 and different oxida-
tion states of Ni appearing simultaneously indicates that the Ni
film surface has undergone partial oxidation upon exposure to
air, consistent with our HR-TEM analysis.
Determining the optimal Au concentration for glucose sensing
The glucose electrooxidation efficiency of the Ni–Au colloidal
crystals with different Au concentrations was studied in 0.5 M
KOH alkaline solution. Fig. 4a shows the CV analysis compar-
ing Au-ctrl, Ni-ctrl and the Ni–Au0.1mM electrode (as a compara-
tive sample) in a solution of 0.5 M KOH with (upper graph) and
without (lower graph) 10 mM glucose. The peak height of the
forward scan oxidation peak in the CV analysis for the Ni–Au
colloids tended to increase dramatically at ca. +0.5 V in the
presence of glucose. The Ni–Au0.1mM electrode showed the
largest change in the reverse scan with the anodic peak current
at +0.45 V displaying the largest improvement relative to the Ni
and Au controls when glucose was added to the alkali solution.
This large increase in the anodic peak is predominantly due to
the presence of Au on the surface of the Ni colloids. Due to the
large peak height, a good relationship between Au and Ni is
clearly shown, which allows for large sensitivities in the
presence of glucose media. All other samples displayed a less
defined oxidation peak compared to the Ni–Au0.1mM electrode
with a further positive shift in peak potential. The general
mechanism for Ni in the presence of glucose in alkaline
solution is presented in eqn (1) and (2).45
NiO + OH  e- NiO(OH) (1a)
or
Ni(OH)2 + OH
  e- NiO(OH) + H2O (1b)
NiO(OH) + glucose- Ni(OH)2 + gluconolactone (2)
The reactants in eqn (1a) and (1b) are due to Ni(0) being
oxidized to form Ni(II) in the form of NiO and Ni(OH)2 at
potentials less than +0.6 V. The Ni(II) species acts as a catalyst
for the oxidation reaction between the surface of the electrode
and glucose. That is, when applying a potential of 0.51 V, Ni(II)
is converted to Ni(III) via eqn (1a) or (1b). The Ni(III) species
then oxidize glucose to gluconolactone to form Ni(II) species
(eqn (2)).46 The anodic current dependence on the substrate
due to glucose oxidation (i.e. keeping the glucose concentration
constant at 10 mM) can be observed in Fig. 4a (upper panel).
Au acts in a manner similar to Ni in alkaline solutions. Au
forms AuOH due to the unimpeded reactions between the OH
ions in the basic electrolyte and the Au+ ions on the surface of
the structures.30 The chemisorption reaction in alkaline
solution causes the dehydrogenated intermediates formed to
electrocatalytically oxidize the OH group with the Au+ ions
present on the surface of the structures followed by a reaction
with deprotonated glucose molecules.47,48 This is explained by
the reaction mechanisms in eqn (3) and (4),49 with the overall
reaction displayed in eqn (5).47
AunOm + 2e
- AunOm1 + O
2 (3)
AunOm1 + 2OH
- AunOm + H2O + 2e
 (4)
Au + OH- AuOH(1l) + le (5)
Given the electrochemical glucose oxidation reaction mecha-
nism for both Ni and Au shown above, it is clear that the
reaction can be further enhanced when both metals are present
concurrently on the working electrode. However, the deposition
method, substrate type and metal content are all thought to
play a role in enhancing the electrochemical glucose oxidation
reaction.
The (anode/cathode) peak at ca. +0.55 V for each substrate
represents the catalytic oxidation of glucose when reacting with
Fig. 4 (a) Cyclic voltammetry (CV) analysis comparing Au-ctrl, Ni-ctrl and
Ni–Au0.1mM in a solution of 0.5 M KOH with (top) and without (bottom)
10 mM glucose, (b) chronoamperometric responses of Au-ctrl (black),
Ni-ctrl (red) and Ni–Au0.1mM (blue) in 0.5 M KOH with (solid line) and
without (dotted line) the addition of 10 mM glucose at a constant potential
of +0.55 V for each analyzed substrate and (c) chronoamperometric
responses of each examined substrate in 0.5 M KOH and 10 mM glucose.
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Ni. From the CV analysis in Fig. 4a we can see that the Ni–Au
colloid displays the highest peak for glucose electrooxidation.
To confirm this, we used chronoamperometric analysis at
a fixed potential of +0.55 V based on previous Ni-based
studies,29,35,36 which is shown in Fig. 4b. Au-ctrl showed mini-
mal current response at the chosen on-set potential with Ni-ctrl
showing a moderate increase in response compared to Au-ctrl.
The Ni–Au colloids showed a very large enhancement in current
response over the control substrates at +0.55 V, with their
chronoamperometric response increased by a factor of 9.3 vs.
Au-ctrl and 1.74 vs. Ni-ctrl. Chronoamperometric analysis in a
solution of 0.5 M KOH and 10 mM glucose was performed
by comparing both the Au and Ni control substrates with the
Ni–Au PS colloid substrates (Fig. 4c). We can observe that the
Ni–Au0.1mM sample had the highest current output followed by
Ni–Au1mM and Ni–Au0.01mM. As previously discussed (for Fig. 1),
the Au nanoparticle formation across the surface directly
affected the sensing performance results. A more uniform size,
shape and spread of Au nanoparticles (as can be seen for
Ni–Au0.1mM) across the colloidal surface showed the largest
increase in glucose oxidation current response. It is thought
that the 0.1 mM substrate had a better sensing performance
due to the larger number of individual Au particles evenly
distributed on each individual Ni colloids. This even distri-
bution provides a relatively larger number of active reaction
sites for electrochemical glucose oxidation to occur. All sensors
modified through the galvanic replacement reaction are observed
to have surpassed the response magnitudes of both Au-ctrl and
Ni-ctrl substrates towards glucose, clearly showing better electro-
oxidation capabilities due to the use of PS colloid template and
the deposition of Au nanoparticles onto the PS colloids. The data
for Ni–Au2mM are not shown as it could not withstand the
experimental procedure (i.e. long testing periods and repeatability
tests) due to the formation of relatively large Au particles that were
poorly adhered to the Ni base as a result of the immiscibility
between Au and Ni at such large Au concentrations. This is
thought to be the reason for the large particles beginning to
detach from the substrate surface during glucose sensing experi-
ments. This lack of adhesion meant that the substrate was
unsuitable for further analysis.
Chronoamperometric addition analysis (as is the same
experimental method used previously30,50,51) was then applied
to Ni–Au0.1mM to determine the overall sensitivity and linearity
of the sensor. Fig. 5a shows the experimental data obtained
with additions between 20 mM and 10 mM of glucose in an
alkaline solution of 0.5 M KOH. Each addition was run for 100 s
to allow the sensor response to reach a stabilized state. By
implementing this form of addition analysis, we were able to
estimate the concentrations of glucose along different time
points of the analysis period. The trend of increasing current
with increasing glucose concentration present is constant for
all time points, as displayed in Fig. 5b. It can be observed that
among Au-ctrl, Ni-ctrl, Ni colloids and Ni–Au0.1mM, the latter
displayed a clear enhancement over all other substrates. The
sensitivity of each substrate towards glucose was also calculated
from their calibration curves and compared. Au-ctrl had the
lowest sensitivity (46.1 mA mM1 cm2), followed by the plain
Ni colloids (223 mA mM1 cm2), Ni-ctrl (345 mA mM1 cm2)
and the highest sensitivity was shown by the modified
Ni–Au0.1mM substrate (506 mA mM
1 cm2). The Ni–Au colloid
(Ni–Au0.1mM) displayed a sensitivityB11 times larger than that
of Au-ctrl and 2.7 times larger than that of the plain Ni colloids.
The linear fits are shown in Fig. S5, ESI† over a concentration
range between 20 mM and 0.2 mM. However, for Ni–Au0.1mM,
the sensor displayed a linear range over the whole concen-
tration range from 20 mM to 10 mM (shown in the inset image
of Fig. S5, ESI†). Au-ctrl showed the lowest linear range between
20 mM and 1 mM, plain Ni colloids between 20 mM and 6 mM,
Ni-ctrl between 20 mM and 8mM with Ni–Au0.1mM showing the
best linear range between 20 mM and 10 mM. The experimental
values analyzed were capped at 10 mM as the physiological
glucose range is between 3 mM and 8 mM with hypoglycemia
effects commencing at a concentration o4 mM and hypergly-
cemia effects commencing at 47 mM.47,52,53
The limit of detection (LoD) for Ni–Au0.1mM was calculated
using 3 subsequent chronoamperometric runs at various times
in a solution of 0.5 M KOH (Fig. S6, ESI†) followed by a single
addition of 20 mM glucose. As can be seen in the ESI,† Table S1
the calculated LoD of Ni–Au0.1mM did not vary greatly with the
analysis times ranging between 1 and 100 s, where a 5 s analysis
time showed a LoD of 14.9 mM. Table 1 shows the performance
of Ni–Au0.1mM compared to similar sensors fabricated and
reported in the literature. It can be observed that the modified
Fig. 5 (a) Chronoamperometric additions analysis on Ni–Au0.1mM in a
solution of 0.5 M KOH with glucose additions ranging between 20 mM
and 10 mM over a scan time of 100 s per testing event, (b) calibration
curves of chronoamperometric additions analysis comparing Ni–Au1mM
with Ni-ctrl, Ni colloids and Au-ctrl, (c) chronoamperometric additions
data analysis for selectivity when testing the presence of sucrose, fructose,
acetic acid and uric acid in 0.5 M KOH and (d) repeatability comparisons of
each substrate over 6 simultaneous testing events in a solution of 0.5 M
KOH and 10 mM glucose.
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sensor developed in this study has superior sensitivity and an
acceptable limit of detection (LoD) for desired application in
the detection of physiological glucose concentrations.
Subsequent selectivity analysis was carried out on the
Ni–Au0.1mM sensor to determine the effect of physiological con-
taminants commonly found to hinder glucose sensors capabilities.
Fig. 5c shows the percentage response (experimental data
presented in the ESI,† Fig. S7) when compared to the starting
electrolyte solution containing 0.5 M KOH. The sugars sucrose
and fructose displayed a slight increase in response magnitude
of the sensor; however, these are the most common substances
which caused cross-interference in other reported sensors.
Acetic acid (AA) and uric acid (UA) produced only inconsequen-
tial changes in the response signal. Subsequently addition of
10 mM glucose to the analyte solution led to a large increase in
current response. With the lack of response from the previously
added contaminants, we can clearly see the high selectivity of the
sensor in the presence of glucose and common physiological
contaminants. To further analyze the effect of physiological con-
taminants on the current response of glucose, a secondary addition
of AA and UA was performed after the glucose addition. The results
showed a slight reduction in current response in the presence of AA
and a small increase in response with the addition of UA. This
high level of selectivity can greatly be due to the presence of Au
nanoparticles which are known for their good selectivity toward
glucose in the presence of common physiological contaminants.
Repeatability analysis (Fig. 5d) was then performed on the sensor
in 0.5 M KOH and 10 mM glucose; compared with Au-ctrl, Ni-ctrl
and plain Ni colloids, Ni–Au0.1mM showed the best repeatability over
6 consecutive cycles displaying a current response far superior to
the control counterparts analyzed. The validity of the repeatability
analysis was determined through calculating the coefficient of
variance (CoV) (eqn (6)–(8)), where If is the final current response
for each run and Iavg is the average current response.
54
Iavg ¼
P
If
n
(6)
s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P
If  Iavg
 2
n 1
s
(7)
CoVð%Þ ¼ s
Iavg
 
 100 (8)
The CoV for Ni–Au0.1mM was calculated to be 4.2% displaying a
repeatability of 95.8% over 6 repetitive sensing events. The plain
Ni colloids showed a repeatability of 94%, while Au-ctrl and Ni-ctrl
had large margins in their repeatability values (88% and 85%,
respectively) from the modified sensor. The high electrochemical
glucose sensing performance of the modified surfaces is postu-
lated to be due to the PS-Ni template. The outperformance of
the Ni–Au0.1mM electrode is due to the relatively homogeneous
decoration of Au nanoparticles over each colloid when compared
to other substrates modified by galvanic replacement. Given that
both Au and Ni are active substrates for glucose oxidation, the
electro-oxidation enhancement of Au–Ni is due to the bimetallic
material at the interface of each Au nanoparticle on the Ni
colloids. This is evidenced by the lack of such enhancements
from the Au-ctrl and the Ni–Au electrodes modified through GR at
too high or low concentrations than 0.1 mM Au salt. This clearly
shows that the electrochemical activity of these colloidal bimetallic
surfaces can be tuned through the choice of the GR modification
parameters such as gold concentration.
Conclusions
In this paper, we have reported the synthesis of a completely
monodispersed polystyrene colloid template with a sheet-layer
of Ni on the surface of the colloid with scattered deposition of
Au nanoparticles at different concentrations across the surface
of the Ni colloids. The synthesized bimetallic Ni–Au colloidal
crystals showed better control on galvanic replacement due to
uniformity across the colloidal crystal of Ni. These formed
substrates with differing Au concentrations were then analyzed
for their glucose electrooxidation activity in an alkaline solution
of 0.5 M KOH. Using cyclic voltammetry and chronoampero-
metry, the optimal Au concentration on the surface of the Ni
colloids was determined to be 0.1 mM. Further analysis of the
capabilities of the Ni–Au0.1mM substrate gave a detection limit
of 14.9 mM with a calculated sensitivity of 506 mA mM1 cm2,
which is 11 times larger than that of the control Au substrate
andB3 times larger than that of a PS colloid template Ni film.
The overall selectivity of the Ni–Au0.1mM substrate showed
minimal cross-interference effect in the presence of physio-
logical sugars, with no effect in the presence of acetic acid and
uric acid, which otherwise tend to hinder many promising
non-enzymatic glucose sensors. Overall, a highly sensitive and
Table 1 Non-enzymatic sensors reported in the literature and comparison with the Ni–Au monolayer colloidal crystals in this work
Electrode material
Sensitivity
(mA mM1 cm2) LoD (mM) Operation potential (V) Linear range Medium Ref.
Au nanocorals 22.6 10 +0.25 V vs. Ag/AgCl 50 mM–30 mM 0.1 M PBS 38
Porous Au 11.8 5 +0.35 V vs. SCE 2–10 mM 0.1 M PBS 55
Ni powder electrode 40 2 +0.4 V vs. Ag/AgCl 0.5 mM–5 mM 0.03 M NaOH 33
Ni NP CNF paste electrode 420.4 1 +0.6 V vs. Ag/AgCl 2 mM–2.5 mM 0.1 M NaOH 27
NC Ni(OH)2 nanoscale material 202 6 +0.55 V vs. Ag/AgCl 50 mM–23 mM 0.5 M NaOH 36
Au/Ni/Cu electrode 0.85 n/a +0.055 V Buffer–33 mM 0.1 M PBS 56
NiO–Au nanobelt/GCE 48.35 1.32 +0.6 V vs. Ag/AgCl 20 mM–4.55 mM 0.1 M NaOH 57
Ni–Au MCL 506 14.9 +0.55 vs. Ag/AgCl 20 lM–10 mM 0.5 M KOH This worka
a NP – nanoporous; CNF – carbon nanofiber; MCL – monolayer colloidal crystal; GCE – glassy carbon electrode.
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selective non-enzymatic glucose sensor was developed; given
that the modified sensor presented in the study had high
electro-oxidation activity towards glucose, it is thus expected
that it will be highly efficient for other chemical sensing
applications.
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 Fig. S1 SEM images of (a) Ni-Au1mM monolayer and corresponding elemental map using EDS for (b) 
Ni (c) Au and (d) overlay of EDS maps. 
 
 
 
 
 
 
 
 
 
 
 
Fig. S2 TEM images of a singular PS Ni-Au monosphere with EDS elemental mapping of a) C (b) Ni 
and (c) Au 
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 Fig. S3  XPS analysis for Ni-Au1mM bimetallic systems (a) Au 4f core level and (b) Ni 2P 
core level spectra. 
 
 
 
 
Fig. S4  XPS Survey of Ni-Au1 
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Fig.  S5 Chronoamperometric analysis of Ni-Au0.1mM (aqua), flat Ni (green), Ni balls (blue) 
and flat Au (red) in a solution of 0.5 M KOH and increasing concentrations of glucose 
ranging between 20 µM and 0.2 mM. (Inset image) Linear progression of Ni-Au0.1mM over 
the glucose concentration range of 20 µM - 10 mM. 
 
 
 
 
 
Fig.  S6 Experimental chronoamperometric responses in a solution of 0.5 M KOH for a run 
time of 100s with 2 repeat runs followed by a single run with the addition of 20 µM glucose 
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Table S1 Comparison table of glucose additions analysis and their calibration curves at 
difference times for sensitivity, R
2
 value and limit of detection (LOD). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S7 Experimental chronoamperometric responses of physiological contaminants analysis 
in a solution of 0.5 M KOH followed by the addition of sucrose (red), fructose (green), AA 
(blue), UA (aqua), 10 mM glucose (magenta), 10mM glucose + AA (dark green) and 10mM 
glucose + UA (orange).  
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CHAPTER VI: 
Co3O4 needles on Au honeycomb 
as a non-invasive electrochemical 
biosensor for glucose in saliva  
 
 
 
 
 
 
While glucose monitoring technology is widely available, the continued prevalence of 
diabetes around the world coupled with its debilitating effects continues to grow. The 
significant limitations which exist in the current technology, instils the need for materials 
capable of non-invasive glucose detection. In this chapter a unique non-enzymatic 
electrochemical glucose sensor was developed, utilising a gold honeycomb-like framework 
upon which sharp Co3O4 needles are anchored. This composite nanomaterial demonstrates 
excellent sensing performance in glucose concentrations ranging between 20 μM and 4 mM, 
exceeding the range required for non-invasive glucose sensing. In conjunction with this high 
sensitivity (2.014 mA·mM−1·cm−2), the material possesses excellent selectivity towards 
glucose for commonly interfering physiological species such as uric acid and ascorbic acid. 
Glucose detection in synthetic saliva was then performed showing excellent capability in the 
low concentration range (20 μM–1 mM) for non-invasive sensing performance. Further tests 
showed good selectivity of the sensor in physiological contaminants commonly found in saliva 
such as cortisol and dopamine. This development provides excellent scope to create next-
generation non-invasive diabetes monitoring platforms, with excellent performance when 
detecting low glucose concentrations in complex solutions such as saliva. 
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A B S T R A C T
While glucose monitoring technology is widely available, the continued prevalence of diabetes around the world
coupled with its debilitating effects continues to grow. The significant limitations which exist in the current
technology, instils the need for materials capable of non-invasive glucose detection. In this study a unique non-
enzymatic electrochemical glucose sensor was developed, utilising a gold honeycomb-like framework upon
which sharp Co3O4 needles are anchored. This composite nanomaterial demonstrates excellent sensing perfor-
mance in glucose concentrations ranging between 20 μM and 4mM, exceeding the range required for non-
invasive glucose sensing. In conjunction with this high sensitivity (2.014mAmM−1·cm−2), the material pos-
sesses excellent selectivity towards glucose for commonly interfering physiological species such as uric acid and
ascorbic acid. Glucose detection in synthetic saliva was then performed showing excellent capability in the low
concentration range (20 μM–1mM) for non-invasive sensing performance. Further tests showed good selectivity
of the sensor in physiological contaminants commonly found in saliva such as cortisol and dopamine. This
development provides excellent scope to create next-generation non-invasive diabetes monitoring platforms,
with excellent performance when detecting low glucose concentrations in complex solutions such as saliva.
1. Introduction
Diabetes continues to grow as a major global health challenge with
422 million adults currently afflicted with this disease, with indicators
pointing to this figure doubling by the year 2030 (Barry et al., 2017). In
the United States alone, the estimated cost of diabetes in 2017 was $327
billion (Association, 2018), highlighting the scale of the problem and
the need for improved detection and treatment options. Whilst methods
to monitor glucose concentrations are currently in widespread use,
these detection methods are predominantly centred around blood-based
detection which are non-user friendly as they involve frequent invasive
and painful sampling procedures. Due to these pitfalls there is great
demand for technology which will support non-invasive glucose de-
tection for diabetes monitoring (Bandodkar and Wang, 2014). Alter-
native strategies to detect glucose include monitoring urine (0–0.8mM
glucose, enzymatic method) (Lankelma et al., 2012), saliva
(0.03–0.08mM glucose, non-enzymatic methods) (Raymundo-Pereira
et al., 2016; Ye et al., 2013), sweat (0.02–0.6 mM glucose, non-
enzymatic method) (Anderson et al., 2017; Moyer et al., 2012), tears
(0.1–0.6mM glucose, enzymatic methods) (Kownacka et al., 2018; Yao
et al., 2011) or breath (0.4–4mM glucose, enzymatic method) (Roberts
et al., 2012) based samples. The glucose concentrations for these al-
ternative modes of detection are much lower than concentrations in
blood (4.4–6.6mM glucose) (Wang, 2008) meaning effective sensors for
these non-invasive modes of analysis require a high degree of sensi-
tivity. Moreover, their applicability is underpinned by their stability as
well as their ability to selectively detect glucose in the presence of
physiological contaminants such as ascorbic acid (AA) and uric acid
(UA). These contaminants tend to disrupt the performance of chemical
sensing results (Cheng et al., 2010; Zhang et al., 2011) by capping the
active sites of electrode surfaces. While enzymatic glucose sensors have
been investigated, they pose many issues such as poor stability, low
reproducibility and limitations due to the need for an oxygen source
(Wang et al., 2013; Zhu et al., 2016). Non-enzymatic glucose sensors
are therefore an attractive option to overcome these issues, allowing for
increased selectivity through low onset potentials, higher sensitivities
https://doi.org/10.1016/j.bios.2019.111479
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and improved stability due to the use of inorganic components in
comparison to their biological counterparts (Toghill and Compton,
2010). Of the current non-enzymatic materials showing promise for
glucose detection, Au has attracted much attention due to its high
sensitivity but more specifically its excellent selectivity (Chakraborty
et al., 2019). This excellent selectivity is attributed to its increased
surface area-volume ratio, low applied onset potentials, control of
structure fabrication for the nanostructures shape, size or porosity and
active site density (Boisselier and Astruc, 2009; Coyle et al., 2016).
Extending upon the properties of a mono-metallic structure, the addi-
tion of a metal oxide has also shown much success in non-enzymatic
glucose sensing (Ding et al., 2010; Tong et al., 2012; Wang et al., 2009).
Co3O4 in particular has excellent biocompatibility, high electrocatalytic
activity and adsorption capacity for glucose making it very appealing to
sensing fabrications (Kimmel et al., 2011; Solanki et al., 2011). Al-
though Co3O4 shows great promise, its poor electronic conductivity
limits its success to display high sensitivity, reliability and rapid re-
sponse times (Ding et al., 2010; Solanki et al., 2011). A proposed
method to combat these issues is to mould the Co3O4 to an Au scaffold
structure allowing for the positive features of each material (Lang et al.,
2013) to take prominence and reduce the effects of their pitfalls. The
synergistic effect of the two present materials will allow for the lower
sensitivities of Au and the poor selectivity of Co3O4 to no longer be an
issue (Lay et al., 2017). In this work the fabrication of a composite
nanostructure is investigated, bringing together Au and Co3O4. Through
the adoption of a synthesis procedure which has been previously shown
to create highly porous nanomaterials, a gold scaffold is synthesised
which can then be modified with Co3O4 in a facile manner. The po-
tential for the use of this unique nanomaterial in non-invasive glucose
sensing is then investigated using a chronoamperometric protocol.
2. Experimental
All chemicals used in this work were purchased from Sigma-Aldrich
and used as received. Au films were prepared using an e-beam eva-
poration method utilising an adhesion layer of 150 nm Ti, followed by a
150 nm layer of Au on a Si wafer. The Si/Ti/Au wafers were then diced
into 8mm×18mm substrates and masked with Kapton tape to reveal
an exposed region of 0.238 cm2 (diameter of 5.5 mm).
2.1. Synthesis of Au honeycomb
Electrochemistry experiments were performed using a CH instru-
ment (CHI760C) workstation with an attached amp booster (model
680). The developed substrate, a graphite rod and Ag/AgCl 3 M KCl
(+0.197 V vs SHE) probe were used as the working, counter and re-
ference electrodes, respectively. Electrodeposition of the hydrogen
bubble templated Au was performed at −4 V for 300 s, in a solution of
10mM HAuCl4 and 2M H2SO4, in accordance with our previous studies
(Scheme 1A and 1B) (Coyle et al., 2016; Plowman et al. 2010, 2011).
2.2. Synthesis of Au honeycomb/Co3O4 needles
Hydrothermal synthesis of cobalt hydroxide on the honeycomb-like
gold surface was obtained by placing CoCl2·6H2O (5, 10, 25, 50 and
100mM) and urea (60mg) into a 6mL capacity Teflon-lined stainless
steel autoclave (Dong et al., 2012). The electrodeposited substrate was
then placed into the solution standing with a 45° tilt facing the auto-
clave wall. The autoclave was then sealed and placed into an oven at
100 °C for 5 h. The plain Au and modified cobalt hydroxide samples
were then washed with Milli-Q water, dried under N2 gas and annealed
in air at 450 °C for 2 h for the conversion of cobalt hydroxide to cobalt
oxide (Scheme 1C and 1D).
2.3. Characterization
Scanning electron microscopy (SEM) was used to analyse the sur-
face morphology by comparing the needle growth for each concentra-
tion of Co3O4. SEM was performed using an FEI Verios 460L equipped
with an Oxford Instruments XMaxN20 energy dispersive x-ray spectro-
scopy (EDX) detector. SEM imaging was performed using an accel-
erating voltage of 10 kV and EDX was performed at 15 kV. To view the
cross section of the structures, the samples were milled using a gallium
ion beam (operating at 30 kV) in an FEI Scios Dualbeam FIB. X-ray
diffraction (XRD) was performed using a Bruker D8 Discover micro
diffraction system with a general area diffraction detector system. A Cu-
Kα radiation source was used with an operating voltage of 40 kV with a
current of 40mA. X-ray photoelectron spectroscopy (XPS) was per-
formed to determine the oxidation state of the Au, Co and O formed on
the surface, using a Thermo K-alpha XPS, (Al Kα=1486.7 eV). The
core level binding energies (BEs) were aligned with the adventitious C
1s binding energy of 284.8 eV.
2.4. Electrochemical glucose sensing in alkaline media
Cyclic voltammetry (CV) was employed using a scan rate 20mV s−1
in a solution of 0.5M KOH and 10mM glucose. Chronoamperometry
was then used with a basic solution of 0.5M KOH with glucose addi-
tions between 20 μM and 10mM. Physiological contaminants were
analysed using chronoamperometry with individual additions of
0.1 mM of sucrose, fructose, maltose and lactose and 0.02mM of as-
corbic acid and uric acid. Current density was calculated using the
geometric surface area value of 0.238 cm2 to enable comparison with
sensors reported in literature.
2.5. Electrochemical glucose sensing in synthetic saliva
CV analysis was employed using a scan rate of 50mV s−1 in a so-
lution of synthetic saliva followed by the addition of 0.06mM glucose.
The synthetic saliva was prepared according to the AFNOR NF S91-141
standard which consists of Na2HPO4 (1mM), KH2PO4 (1.5 mM),
NaHCO3 (18mM), KSCN (3mM), NaCl (115mM) and KCl (16mM)
(Chaisiwamongkhol et al., 2017). Chronoamperometric additions ana-
lysis was then performed in synthetic saliva with increasing additions of
glucose ranging between 0.02mM and 1mM. Physiological con-
taminants present in saliva were performed using continuous chron-
oamperometric additions analysis with individual additions of 2.4 μM
ascorbic acid, 1.6 μM dopamine and uric acid (Raymundo-Pereira et al.,
2016) followed by 0.22 μM of cortisol.
3. Results and discussion
3.1. Au honeycomb/Co3O4 needle characterization
The developed hydrogen bubble templated Au honeycombs are
shown in Fig. 1A displaying a highly porous large structure which
formed evenly across the surface of the substrate. Fig. 1B shows the
formation of the pores atop the surface of the substrate whilst retaining
exposed areas of bare substrate through the porous material. The fractal
formations of the hydrogen bubble templated Au which show the
consistent accumulation of small Au nanostructures (∼100–200 nm)
are displayed in Fig. 1C–D. Smooth branched formations of Au have
grown upwards from the substrate allowing for multiple active sites
across the material (Coyle et al., 2017). The pure hydrogen bubble
templated Au was then coated with different concentrations of CoCl2 (5,
10, 25, 50 and 100mM) through the hydrothermal technique men-
tioned above (Supplementary information S1A-F). The 5mM surface
(Supplementary information S1B) showed minimal growth of needles
over the Au structures, with increasing concentrations of CoCl2 leading
to an increase in both length and spread of formations. 10mM CoCl2
V.E. Coyle, et al. Biosensors and Bioelectronics 141 (2019) 111479
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(Supplementary information S1C) and upwards, caused the needle
formations to become visible at the edges of the pores. Increasing the
concentration to 25mM (Supplementary information S1D) caused a
coating of needles along the top side of the structure, with the needle
lengths increasing in length as the concentration was increased to
50mM (Supplementary information S1E). The 100mM concentration
(Supplementary information S1F) appears to have completely coated
the Au scaffold with obvious needle lengths increasing dramatically
compared to the lower concentrations of CoCl2. Due to the coherent
nature of the Co3O4 formation across the surface of the Au scaffold, all
characterization and sensing studies were then focused on the 100mM
CoCl2 sample. As is seen in Fig. 1E, the needle nanostructures have
formed seamlessly across the Au scaffold whilst the pores remained
unimpeded, which can be further seen in Fig. 1F. Long, sharp, needles
are shown in Fig. 1G with Fig. 1H showing the needles are comprised of
multiple nanoparticles forming the structure. Side imaging was per-
formed after slicing of the material using a gallium ion beam (Fig. 2A)
to see how the needles formed within the Au scaffold. Backscatter
imaging was then performed (Fig. 2B) where the darker regions re-
present Cobalt formations and the lighter regions represent Au. Analysis
of high magnification images (Fig. 2C and D) showed the growth of the
needles spreading throughout the Au structure. This coating (the
needle-like structures) atop the Au commenced their growth both
within the Au scaffold and along the top of the surface. EDX mapping of
the side imaging confirms the presence of both Au (Supplementary
information S2A) and Co (Supplementary information S2B) throughout
the entirety of the sample, as opposed to only coating the top surface of
the Au structure. Reproducibility of the sensor surfaces was performed
by repeating the synthesis of the 100mM CoCl2 3 times (Supplementary
information S3). From SEM images, repeated synthesis of the cobalt
oxide rods across the surface is easily obtained via both needle length
and spread across the Au scaffold. Comparison of the needle formations
both pre and post annealing at 450 °C were analysed using SEM imaging
(Supplementary information S4A and S4B). The pre-annealed needles
are observed to have a very smooth surface, whereas the needles post-
annealing formed stacked particles whilst maintaining a needle-like
shape (Supplementary information S4C and S4D). EDX analysis of the
100mM CoCl2 samples, presented in Fig. 3A shows clear peaks for Au,
Co and O showing they are the three prominent materials in the sample,
with calculated abundancies of Au: 44.6 wt%, Co: 23.9 wt% and O:
12.2 wt%. The appearance of Si in the EDX analysis is attributed to the
Si substrate (7.4 wt%). To clarify the formed type of CoxOy aggregate,
XRD analysis (Fig. 3B) was performed to analyse the crystalline
structure. Significant peaks in the XRD patterns appear at 2θ=38.4,
44.2, 64.4, 77.9 and 81.7° which are attributed to (111), (200), (220),
(311) and (222) planes of the FCC Au structure, respectively (JCPDS
card no. 04-0784). Smaller and less defined peaks appear at 2θ=18.9,
31.3, 56.3 and 59.4° which can be attributed to the (111), (220), (311),
(422) and (511) planes of Co3O4, respectively (JCPDS card no. 01-071-
0816). Other peaks attributed to Co3O4 have been hidden by the large
amount of Au in the sample, with overlapping possible between the
(222), (400) and (440) peaks of Co3O4 and the (220), (311) and (222)
planes of Au. From the XRD analysis all non-Au peaks are attributed to
the common Co3O4 spinel phase, describing good crystalline arrays
(Ibupoto et al., 2014). Further confirmation of the oxidation states of
the Au, Co and O were performed using XPS analysis. The survey
spectra of the formed material is shown in Fig. 3C, displaying peaks for
C, Au, O and Co. Deconvolution of elemental XPS spectra for the Au
(Fig. 3D), Co (Fig. 3E) and O (Fig. 3F) was used to determine the ele-
mental states of the materials present. The main peak at 84.0 eV is at-
tributed to the Au 4f7/2 binding energy representing the Au0 core level
(Casaletto et al., 2006; Daima et al., 2013; Kabir et al., 2015; Pearson
et al., 2011) with a corresponding doublet peak at 87.7 eV. The Co 2p
spectra is consistent with previous studies comparing results obtained
for different phases of cobalt species such as Co(OH)2, CoO and Co
metal (Biesinger et al., 2011). Two main peaks lying at 780.3 and
795.4 eV represent the Co 2p3/2 and Co 2p1/2 spin-orbital lines, re-
spectively (Liu et al., 2014; Mei et al., 2012). Upon deconvolution of the
Co 2p3/2 peak it becomes apparent that both Co(II) and Co(III) oxida-
tion states are present which is consistent with Co3O4. The assurance of
cobalt oxide (Co3O4) is further deduced from the presence of two sa-
tellite peaks (789.9 and 795.4 ev) with low intensity which have shifted
to a higher binding energy, agreeing well with previous reports (Yang
et al., 2010). The peak at 529.9 eV in the oxygen spectra is denoted as
the O 1s peak (Nohira et al., 2002) with a satellite peak at 531.5 eV due
to possible hydroxides remaining on the surface after annealing.
3.2. Au honeycomb/Co3O4 needle electrochemical sensing
To analyse the applicability and on-set potential of the synthesised
Au/Co3O4 sensor for glucose sensing, cyclic voltammetry (CV) and
chronoamperometry techniques were used. These techniques allowed
for the analysis of both the surface affinity, thus rate of reaction to-
wards glucose (e.g. sensitivity) and selectivity in the presence of
common physiological contaminants. CV analysis was performed at a
scan rate of 20mV s−1 to examine the oxidation and reduction
Scheme 1. Schematic (representing low (left) and high (right) magnifications) of Au lattice formation (A) and (B) with the growth of cobalt hydroxide (C) followed
by the conversion to cobalt oxide (D).
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reactions the Au/Co3O4 undergoes in the presence of 10mM glucose
(Fig. 4A). For the continued studies 20mV s−1 was chosen as the ap-
plied scan rate due to sweep rate analysis varying between 10 and
500mV s−1 (Supplementary information S5) for optimal performance.
From the sweep rate analysis, the increase in anodic peak height along
with a shift in the peak potential as the scan rate increased was ob-
served. The linearity of the peak increase indicates the redox process of
a diffusion-controlled mechanism (Bertoncello and Ugo, 2003). This
phenomenon proves the interaction between KOH, glucose and the Au/
Co3O4 occurs at the electrode surface whilst maintaining electrode
electroneutrality (Teixeira et al. 2004a, 2004b). From CV analysis at
20 mV s−1, two large peaks were observed at +0.25 V in the forward
scan and +0.1 V in the reverse scan. The large sharp peaks at each of
these points along the CV curve display a combinatory electroactivity
between the Au and Co3O4 species in the modified Au/Co3O4 surface
(Lang et al., 2013). The broad oxidation peak at +0.25 V can be at-
tributed to the formation of gluconolactone with the conversion of
Co3O4 to CoO2 due to the reactions of glucose + AuOH and glu-
cose + Co3O4 (Ding et al., 2010). As the potential increased above
+0.3 V the formation of Au2O3 caused a reduction of AuOH present on
the surface impeding the oxidation of glucose (Han et al., 2014). In the
reverse scan the reduction of Au2O3 formed large amounts of AuOH and
formate (Aoun et al., 2004) which allowed for a large number of active
sites to be regenerated on the electrode surface. This occurrence makes
way for more glucose molecules to react with the surface thus produ-
cing excellent electroactivity. The Au/Co3O4 forms a much larger
anodic current for the negative scan due to the diffusion effect by the
junction of Au and Co3O4. As the oxide is stripped in the reverse scan,
more glucose is present near the electrode surface which in turn pro-
duces a much larger enhancing the electrocatalytic activity of the
sensor (Chen et al., 2010). The individual reactions are discussed
below. The Au component of the surface undergoes electrosorption of
glucose at low potentials which ignites the accumulation of con-
taminant intermediates on the electrode surface blocking the active
surface sites. The formation of AuOH occurs as the potentials begin to
increase which is due to the partial discharge of OH− ions. This dis-
charge of ions is able to catalyse glucose, forming the absorbed inter-
mediate gluconolactone which then allows for the oxidation of Au to
form AuO. This AuO formation can inhibit the electrooxidation of
glucose however a further step occurs, which consists of Au being re-
generated due to the AuO converting back to Au(OH) as the potentials
are reduced (Ding et al., 2011). The overall reaction is described in Eqn.
(1) (Han et al., 2014).
glucose + AuOH → gluconolactone + Au (1)
In alkaline solutions Au forms AuOH due to the reaction between
OH− ions in the basic electrolyte and the Au+ ions on the surface
structure (Coyle et al., 2017). A reversible transition between Co3O4
and CoOOH occurs on the surface in the presence of glucose which is
represented by Eqn. (2) (Ding et al., 2010). Due to the shift in potential
to the negative, a secondary reaction took place converting CoOOH to
CoO2 on the surface which is expressed by Eqn. (3) (Ramasamy et al.,
2015) with the overall mechanism described in Eqn. (4) (Ding et al.,
2010).
Co3O4 + OH− + H2O → 3CoOOH + e− (2)
CoOOH + OH− → CoO2 + H2O + e− (3)
2CoO2 + glucose → 2CoOOH + gluconolactone (4)
Similarly Co3O4 structures have been studied in the presence of
glucose however due to the lack of Au in the structure, the glucose
oxidation peak occurs at a much higher on-set potential (∼0.5) (Ding
et al., 2010; Kung et al., 2011) effecting the selectivity of the sensor.
This desired mechanism is best observed through an alkaline electrolyte
such as the KOH used in these studies, where a concentration of 0.5 M
was chosen in this study as blood is slightly alkaline. As the CV peak at
+0.1 V shows a high electrocatalytic activity towards glucose, chron-
oamperometry was performed at this onset potential to analyse its
sensing capabilities in the presence of glucose. Fig. 4B shows the ad-
ditions analysis of the Au/Co3O4 sensor in the presence of 0.5M KOH
with a large range of glucose concentrations (20 μM and 10mM). The
chronoamperometric additions analysis is further evidenced by the
multiple linear regression lines (Supplementary information S6)
showing two distinct linear ranges for the Au/Co3O4 sensor. To detail
the linear regions more specifically two linear regression regions were
found for the sensor giving two separate sensitivities depending on the
glucose concentration. Ranging between 20 μM and 100 μM (Supple-
mentary information S6A) a very large, sharp peak was observed
Fig. 1. SEM images (false colour) of Au honeycomb (left panel) and Au hon-
eycomb coated with 100mM CoCl2 (right panel) at different magnifications (A
and E) 200 μm, (B and F) 50 μm, (C and G) 10 μm and (D and H) 500 nm. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article).
V.E. Coyle, et al. Biosensors and Bioelectronics 141 (2019) 111479
4
equating to a calculated sensitivity of 2.014mAmM−1·cm−2. A sec-
ondary linear region ranging between 2mM and 10mM (Supplemen-
tary information S6B) had a calculated sensitivity of
0.011mAmM−1·cm−2, which corresponds to the blood glucose mon-
itoring range of 3–8mM. An experimental detection limit (Supple-
mentary information S7) of 20 μM was observed from the initial addi-
tion of glucose to the 0.5 M KOH solution, showing the effectiveness of
the sensing capabilities of the surface in the presence of very low glu-
cose concentrations. This detection limit is much lower than common
commercially available glucose sensors of recent times (∼2.2 mM) (Lee
et al., 2019). Comparatively Au honeycomb was also analysed with
chronoamperometric additions analysis (Fig. 4C) showing a much lower
electroactivity in the presence of glucose. A large increase in current
response between the plain Au (0.146mA cm−2) and the Au/Co3O4
composite material (0.348mA cm−2) is observed by a factor of 2.39
showing the addition of Co3O4 to the surface of the Au more than
doubled the glucose sensitivity. Uninterrupted chronoamperometric
analysis was then performed for selectivity analysis in the presence of
common physiological contaminants (Fig. 4D). The contaminants ana-
lysed were ascorbic acid, sucrose, fructose, maltose, lactose and uric
acid. Little to no electrochemical signal was produced with each addi-
tion to the 0.5 M KOH solution showing the sensor is specifically ca-
tered to glucose concentrations. A subsequent glucose addition of
10 mM was introduced to the contaminants solutions showing a large
current response. Due to the presence of Au in the material the on-set
potential, where glucose electrooxidation is at its maximum, has been
reduced to +0.1 V. Metal oxides tend to display a glucose peak with a
much higher on-set potential, where common physiological con-
taminants display higher current responses with larger on-set potentials
which can severely affect the sensors response capabilities towards
glucose (Lang et al., 2013). This confirms excellent selectivity towards
glucose with the further conclusion that the presence of common
physiological sugars and acids do not affect the sensors performance.
Repeatability analysis (Supplementary information S8) was then per-
formed on the sensor with 5 consecutive cycles in the presence of
10mM glucose with a slight reduction in output performance to 91%,
thus showing excellent sensing performance over multiple cycles.
3.3. Au honeycomb/Co3O4 needle sensing in synthetic saliva
Due to the low concentration range of glucose in saliva
(0.03–0.08mM) and the very high sensitivity of the developed sensor
within this glucose concentration range (2.014mAmM−1·cm−2), elec-
troanalytical testing was extended to the detection of glucose in syn-
thetic saliva. To explore this system, CV analysis was performed in the
presence (80 μM) and absence of glucose (Fig. 5A) in synthetic saliva. A
singular peak is formed through the oxidation of glucose ranging be-
tween +0.015 and + 0.25 V with a peak maximum at +0.15 V. Based
on the similar peak position in Fig. 4A, the onset potential for chron-
oamperometric analysis was fixed at +0.1 V. The use of +0.1 V re-
mains consistent with our previous studies for glucose detection in the
human range for blood. The chronoamperometric additions analysis
(Fig. 5B) was then performed in synthetic saliva with increasing con-
centrations of glucose ranging between 20 μM and 1mM (similar to
common glucose concentrations in saliva) (Ye et al., 2013). The cali-
bration curve of the additions analysis (Supplementary information S9)
showed an overall sensitivity of 0.0235mAmM−1·cm−2 with an R2
value of 0.98. Increasing current responses with incremental additions
showed a good sensitivity for the low concentration range. This sensi-
tivity demonstrates the sensor's capability to detect glucose in the
synthetic saliva, showing great promise for the non-invasive detection
of physiological glucose levels. Long term stability of the sensor was
Fig. 2. (A) Low magnification side-imaging of the 100mM sample after laser
cutting followed by (B) higher magnification backscatter imaging; (C) High
magnification backscatter imaging of the top and (D) bottom portions of the
lattice.
Fig. 3. Characterization of Au needles with 100mM CoCl2 (A) EDX spectral
analysis, (B) XRD analysis (C) XPS survey spectra (D) XPS analysis of gold (E)
XPS spectra of cobalt and (F) XPS spectra of oxygen. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article).
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performed in synthetic saliva with glucose (Supplementary information
S10) showing the current response of the sensor reducing slowly over
time. The current response reduction is due to the saturation of the
sensors surface due to glucose, therefore impeding the current response
of the sensor over extended periods of time. Contaminants analysis was
performed on the sensor (Supplementary information S11) with the
additions of 2.4 μM ascorbic acid, 1.6 μM uric acid, 1.6 μM dopamine
and 0.22 μM cortisol (Campos et al., 2018) followed by 100 μM glucose.
Fig. 5C displays the current response in the form of a bar graph for each
addition after a stability time of 120 s was reached. From these addi-
tions ascorbic acid showed a very small response magnitude of
0.185 μA cm−2 (1.3% of glucose response), with uric acid showing
0.471 μA cm−2 (3.3% vs glucose response). Dopamine showed a min-
iscule decrease in current response to 0.455 μA cm−2 (3.2% of glucose
response) while cortisol showed the largest effect to the current re-
sponse, increasing to 1.384 μA cm−2 (9.7% of glucose response).
Overall the effect of each contaminant was in the acceptable range
(± 10%) as the current response after the addition of 100 μM glucose
was 9.98 μA cm−2, within a similar range to our previous glucose re-
sponse analysis. The results indicate that the sensor is not only selective
in KOH medium but also in synthetic saliva thus making it feasible to be
used for non-invasive diagnostic applications. To test the real-life ap-
plication and repeatability of the sensor, 5 unknown solutions of glu-
cose (within the concentration range of 20–80 μM) were tested. Initially
a calibration curve was formed using the 120 s response current for
each glucose addition from the additions analysis (Supplementary in-
formation S9). Using this calibration curve and the current response for
the unknown additions, data points were added to the graph and ana-
lysed for their percentage change compared to the calibration line
(Fig. 5D). In analysing the change in concentration between the ‘un-
known’ solution and the calibration curve concentration (Supporting
information Table S3), an average percentage change of 9.7% with the
variance of results ranging between a percentage range of 7.8 and
13.3%. The unknown solutions analysis and excellent selectivity in the
presence of common physiological contaminants in both blood and
saliva shows very promising capabilities for glucose biosensor which
can be used for non-invasive diagnosis applications.
4. Conclusions
In this study we have presented an easily synthesised porous Au
structure with Co3O4 needles cohesively and seamless coating the Au
surface whilst retaining its porosity and macro-structure. XRD and XPS
analysis showed the clear representation of Au and Co3O4 on the sur-
face, with the combination of the two components observed in cyclic
voltammetry analysis in the presence of glucose. Excellent electro-
chemical sensing performance of the structure was observed in the
present of glucose with a calculated sensitivity of
2.014mAmM−1·cm−2 within the range of 0–0.1mM and
0.011mAmM−1·cm−2 within 2–10mM glucose. A very low experi-
mental detection limit of 20 μM makes this sensor very attractive for
applications involving saliva, sweat and tear based electrochemical
glucose sensors. Little or no cross-interference was observed in the
presence of common physiological contaminants such as AA and UA
and common biological sugars. Further to this, glucose detection in
synthetic saliva showed excellent calculated sensitivity of
0.0235mAmM−1·cm−2 with minimal effect by interfering species
commonly found in saliva such as cortisol and dopamine. These results
showed that the fabricated sensor is highly capable for non-invasive
diagnostic applications.
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Fig. 4. (A) CV analysis of Au (black), Au honeycomb (red) and Au/Co3O4 (blue)
in 0.5M KOH and 10mM glucose (B) chronoamperometric analysis of Au/
Co3O4 with additions of glucose ranging between 20 μM and 10mM (C) com-
parison graphs of chronoamperometric additions analysis for Au honeycomb
(red) and Au/Co3O4 and (D) chronoamperometric additions analysis of Au/
Co3O4 in the presence of common physiological contaminants. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article).
Fig. 5. (A) CV analysis of Au/Co3O4 in synthetic saliva with (blue) and without
(red) 80 μM glucose. (B) Chronoamperometric analysis of Au/Co3O4 in the
presence of synthetic saliva with 20 μM and 1mM glucose. (C) Current density
response for physiological contaminants in the presence of synthetic saliva and
(D) Calibration curve (red) of current density vs concentration for glucose ad-
ditions in the presence of synthetic saliva with 5 additions of unknown glucose
concentrations (blue). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article).
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Figure S1 SEM images of Au honeycomb with differing CoCl2 concentrations (A) 0 mM (B) 5 
mM (C) 10 mM (D) 25 mM (E) 50 mM and (F) 100 mM 
 
 
 
 
Figure S2 EDX mapping analysis of the Au with 100 mM CoCl2 analysing for (a) Au and (b) Co 
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Figure S3 SEM images of Au honeycomb synthesised with 100 mM CoCl2 reproduced 3 times 
 
 
 
 
 
 
Figure S4 SEM images of needles made of 100 mM CoCl2 unannealed (A and B) and annealed 
(C and D) 
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Figure S5 Cyclic voltammetry of Au/Co3O4 in 0.5 M KOH and 10 mM glucose solution at varying 
sweep rates between 10 and 500 mVs-1 
 
 
 
 
Figure S6 Linear regression graphs between concentrations of (A) 0 µM and 100 µM glucose 
and (B) 2 mM and 10 mM glucose in a 0.5 M KOH basic solution 
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Glucose addition 
(mM) 
Current density at 
5s (µA·cm-2) 
Current density at 
10s (µA·cm-2) 
Current density at 
50s (µA·cm-2) 
Current density at 
120s (µA·cm-2) 
0.02 -14.47 -16.5 -18.24 -18.61 
0.04 -0.019 -1.44 -2.85 -3.14 
0.06 28.11 27.08 25.17 21.8 
0.08 29.46 27.24 23.45 22.72 
0.1 32.09 29.24 25.85 25.09 
0.2 43.71 39.5 34.67 33.08 
0.4 46.24 41.24 34.71 33.83 
0.6 46.13 41.92 37.07 36.13 
0.8 48.95 44.66 39.67 38.38 
1 53.16 48.2 42.39 41.25 
2 60.26 54.14 46.37 44.05 
4 65.11 58.38 50.05 47.86 
6 70.82 63.37 54.07 50.76 
8 87.98 77.29 63.58 59.04 
10 96.06 84.5 68.87 63.91 
 
Table S1 Additions for chronoamperometric analysis of glucose in alkaline media 
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Figure S7 Chronoamperometric additions analysis with 3 consecutive runs in 0.5 M KOH 
solution followed by the addition of 20 µM of glucose.   
 
 
 
Figure S8 Repeatability analysis with 5 consecutive runs in 0.5 M KOH after 100 s analysis in a 
solution of 0.5 M KOH 10 mM glucose using the chronoamperometric technique. 
 
 
 
 
Glucose addition (µM) Current density at 
5s  (µA·cm-2) 
Current density at 
10s (µA·cm-2) 
Current density at 
50s (µA·cm-2) 
Current density at 
120s (µA·cm-2) 
20 3.42 2.58 1.41 0.62 
40 2.75 1.99 1.52 1.59 
80 9.61 8.53 6.17 5.47 
100 12.66 11.41 11.31 9.98 
110 17.44 15.4 12.65 11.53 
1000 22.91 20.19 15.89 15.12 
 
Table S2 Additions for chronoamperometric analysis of glucose in synthetic saliva 
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Figure S9 Calibration curve (blue) of chronoamperometric additions of glucose ranging 
between 20 and 100 µM. Limit lines (red) showing maximum and minimum limit 
ranges show the limit or error for the calibration 
 
 
 
Figure S10 Stability analysis of Au/Co3O4 over 2 hours in synthetic saliva and 10 mM glucose 
solution. Inset of current response for conventional 0 – 120 s scan duration. 
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Number 
(#) 
Addition 
(µM) 
Current 
response  
(µA·cm-2) 
Calibration curve 
concentration 
(µM) 
Concentration 
Recovery percentage 
(%) 
Change  
(%) 
1 36 1.726 41.5 86.7 13.3 
 
2 45 2.445 48.8 92.2 7.8 
3 58 2.949 53.9 107.6 7.6 
4 69 3.869 63.2 109.2 9.2 
5 75 4.315 67.7 110.8 10.8 
 
Table S3 Response magnitudes obtained for solutions with unknown glucose concentrations 
added to synthetic saliva. The percentage change in concentration output with 
respect to the calibration curve is presented.   
 
 
 
 
Figure S11 Chronoamperometric analysis of Au/Co3O4 sensor in synthetic saliva with the 
addition of ascorbic acid, uric acid, dopamine and cortisol followed by glucose. 
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CHAPTER VII: Conclusions and Future Work 
 
 
 
 
 
 
In this chapter, the summary of the work presented in this thesis is discussed and potential 
avenues for future work are provided  
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7.1 Summary of Key Findings 
In this work a succession of nanostructures around the functionality of Au in different forms 
have been investigated for their application and modification for optimal glucose 
electrooxidation in the form of non-enzymatic glucose biosensors. Forms of gold studied 
began with the mono-metallic Au nanospikes, followed by an Au-Pt alloy using the hydrogen 
bubble template technique. Au nanoparticles were scattered atop Ni colloids using galvanic 
replacement which was then studied, finishing with a pure Au hydrogen bubble templated 
lattice with hydrothermally deposited Co3O4 nanowires. By producing various structures, the 
overall goal was to increase sensitivity without hindering the selectivity of Au in the presence 
of common physiological contaminants. The monometallic Au nanospikes provided excellent 
selectivity in the presence of common physiological contaminants which have consistently 
hindered glucose sensing, however the sensitivity (91.8 µA·mM-1·cm-2) was moderate 
compared to other glucose sensors. Optimal conditions of the electrodeposited nanospikes 
were compared to study the influence of HAuCl4 concentration (13.6 mM optimal), Pb acetate 
concentration (1 mM optimal), electrodeposition time (12 mins optimal) and 
electrodeposition potential (+0.05 V optimal). Each of these optimal conditions were 
determined using cyclic voltammetry (CV) analysis for both their electrochemical surface area 
(ECSA) and glucose response. In this study a different method of analysing the glucose sensing 
response was analysed in the form of an elaborated chronoamperometric analysis method. 
This method showed individual extended response analysis for each glucose addition showing 
the stability and overall sensitivity of current responses at various response times and glucose 
concentrations.  
To improve sensitivity the use of a Au-Pt alloy was investigated. To determine the optimum 
Pt concentration added to Au which produced the largest glucose sensitivity various 
structures were formed with varying Pt (0.5, 1, 2.5 and 5 mM) whilst maintaining the HAuCl4 
concentration. CV analysis and electrochemical surface area (ECSA) were analyzed for optimal 
glucose electrooxidation characteristics. Characterisation analysis (EDX, XRD and XPS) showed 
the surface formed was a cohesive alloyed material meaning the glucose electrooxidation was 
impacted by both the Pt and Au components on an even scale. Due to this a high sensitivity 
was detected at 109.3 µA·mM-1·cm-2 with a low detection limit of 12.9 µM. Due to the 
presence of Au in the material, good selectivity was obtained in the presence of common 
physiological contaminants. The effect of Au decoration was then examined using a surface 
consisting of colloidal Ni monodispersed across an electrode surface with scattered Au 
nanoparticles across its surface using galvanic replacement reaction. Four HAuCl4 
concentrations (0.01, 0.1, 1 and 2 mM) were studied for optimising the deposition uniformity 
and particle size on the surface for optimal glucose electrooxidation. The optimal Au 
concentration was determined to be 0.1 mM by analysing the sample under cyclic 
voltammetry analysis in a solution of glucose. From characterisation analysis the system 
displayed a bimetallic functional system showing the Ni and Au components were acting as 
singular entities, however influencing on the other’s properties for glucose sensing 
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optimization. Due to the bimetallic nature of the material a very large sensitivity was detected 
at 506 µA·mM-1·cm-2 with minimal loss in selectivity in the presence of common physiological 
contaminants. Ni on its own had previously shown very poor selectivity however the presence 
of Au effected the system in a positive way by reducing the effect of contamination for Ni 
whilst drastically enhancing the sensitivity.  
The final study performed was that of the effect of an additional material added to a large Au 
lattice structure. Given the numerous reports on glucose oxidation activity using Co3O4, the 
additional material was introduced to a Au structure with a large enough surface area to 
support its structure. The hydrogen bubble template technique was used for the Au lattice 
with the metal oxide cobalt oxide (Co3O4) chosen due to its excellent affinity to glucose which 
primarily produced exceptionally large sensitivities. Studies for this dual material of Au 
honeycomb analysed the optimal Co3O4 precursor (CoCl2) concentration (5, 10, 25, 50 and 
100 mM) introduced into the system for optimal glucose electrooxidation. From CV analysis 
and surface cohesion for 100 mM of CoCl2 was chosen as the optimal concentration for 
further studies. Initially glucose analysis was performed in alkaline media over a blood glucose 
range of 20 µM – 10 mM. A very large sensitivity was calculated at 2014 µA·mM-1·cm-2 
between the glucose range of 20 – 100 µM with no effect from common physiological 
contaminants found within the blood concentration range. This high sensitivity at low 
concentrations pushed the study towards attempting non-invasive sensing analysis. 
Electrochemical glucose analysis was then performed in synthetic saliva media within a 
glucose range of 20 – 100 µM. Excellent linearity was achieved using the elaborated 
chronoamperometric analysis method with minimal effect from common physiological 
contaminants found in saliva. Overall the study of Au for glucose sensing and how the form 
of Au used effects the glucose electrooxidation was studied comprehensively.  
Comparing all the fabricated sensors in table 1 it is clear to see that as the project progressed 
the quality of the sensor improved. Sensitivity improved as each new chapter project was 
undertaken with the Au-Co3O4 honeycomb sensor producing the superior sensitivity 
compared to all other sensors. Detection limits were similar for all the sensors with the Au-Pt 
honeycomb exhibiting the lowest detection limit of all the sensors mainly attributed to this 
sensing requiring the lowest applied potential compared to the other sensors. Unlike the Ni-
Au which required a large applied potential of +0.55 V, the Au-Co3O4 honeycomb was able to 
have exhibit a very large sensitivity whilst retaining a relatively low applied potential of +0.1 V 
which reduced the effect of physiological contaminants. 
Material 
Applied Potential  
(V) 
Sensitivity 
(µA·mM-1·cm-2) 
Detection limit  
(µM) 
Au nanospikes +0.26 91.8  20 
Au-Pt honeycomb -0.01 109.3  12.9 
Ni-Au colloidal crystals +0.55 506  14.9 
Au-Co3O4 honeycomb +0.1 2014  20 
Table 1 Comparison table of the fabricated sensors from this work 
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As has been shown in this thesis, the opportunity to tailor the morphology of Au structures in 
their pure form, alloyed form, nanoparticle form and the supporting structure with an 
additional material for optimal performance in glucose has been examined and studied 
comprehensively. Comparisons in sensitivity, selectivity, detection limit and applied potential 
displayed clear variances between surface structures when implementing them as glucose 
sensors.  
7.2 Future work 
From the results obtained from this study some exciting developments and research gaps 
have been identified in research which can provide exciting future opportunities such as:  
 Device fabrication of the Au-Co3O4 structure mentioned in this work for a real-life 
saliva sensor for human trials 
 Further study of other metal oxide additions to the Au structure such as TiO2 for 
further optimization of the Au-based electrochemical glucose sensor 
 Varying the base material of Au to other metals such as Ni, Pt and Cu to improve 
sensitivities whilst using similar fabrication techniques (electrodeposition, 
hydrothermal deposition or galvanic replacement) and determine the influence on its 
glucose electrooxidation capabilities compared to their Au counterpart 
 Further research into other non-invasive forms of electrochemical glucose sensing 
using similar structures (use of Au-metal oxide composites) such as sweat, breath and 
tear analysis and what are the developed sensors capabilities in these different medias 
 Showing other applications of the developed structures and how they could be used 
for various uses not just glucose sensing applications. In my other work as a 
collaborator Au nanospikes have been used to kill bacteria showing the possibility of 
the structures in multiple uses. Further studies for cortisol sensing, gas sensing and 
supercapacitance analysis can be performed for their viability in these areas (refer to 
additional publications section). 
Overall the viability of these sensing materials and their components can be interchanged in 
various ways to optimally tailor a material for a specific application. These findings offer 
numerous possibilities for future work which can result in device production for real-life use 
by diabetes patients once produced.  
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